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 As propriedades físico-químicas dos líquidos iónicos próticos (LIPs) são 
essenciais para uma interpretação robusta da sua funcionalidade como 
solventes/reagentes em processamento de biomassa. O trabalho e projeto de 
investigação que é apresentado nesta dissertação teve como objetivo o estudo das 
propriedades físico-químicas de LIPs, centrando-se na interpretação molecular e análise 
do equilíbrio de especiação. Para esse efeito, foram estudados 27 LIPs derivados da 
combinação de 5 superbases (1,5-diazabiciclo[4.3.0]non-5-eno (DBN), 1,8-
diazabiciclo[5.4.0]undec-7-eno (DBU), triazabiciclodeceno, (TBD), 1,1,3,3-
tetrametilguanidina (TMG) e 1,2-dimetil-1,4,5,6-tetrahidropirimidina (DMTHP)) com 9 
ácidos carboxílicos (acético, propiónico, iso-butírico, n-butírico, n-perfluoro-butírico, n-
pentanóico, n-hexanóico, n-heptanóico e n-octanóico). As propriedades estudadas 
foram correlacionadas com o tamanho da cadeia alquílica do ácido carboxílico, estrutura 
e força das superbases. O estudo foi restrito ao equilíbrio líquido-vapor, capacidades 
caloríficas, energias coesivas e comportamento fásico. Neste trabalho foi feita uma 
abordagem experimental abrangente, onde é explorada a formação e estabilidade de 
azeótropos em LIPs. Todos os LIPs estudados mostram pronunciados desvios 
negativos à Lei de Raoult, com uma diminuição significativa na pressão de vapor, 
indicando que a mistura é significativamente estabilizada em relação aos ácidos e 
bases. Concluiu-se que a acidez e basicidade dos componentes, condiciona a 
proporção entre espécies iónicas e neutras não sendo, no entanto, o único fator com 
relevância para a interpretação das propriedades destes líquidos iónicos. Quanto menor 
a extensão da reação ácido-base, menor a ionicidade do LIP e maior a sua tendência a 
desviar-se da relação molar de 0.5:0.5. Concluiu-se ainda que a composição da mistura 
azeotrópica é também condicionada pela capacidade de as formas neutras (ácido ou 
base) interatuarem com o par iónico. No caso específico de LIPs derivados da 
combinação de DBN, DBU, DMTHP com ácidos carboxílicos, verificou-se que o 
azeótropo é mais rico no ácido devido à capacidade deste, estabelecer pontes de 
hidrogénio com o par iónico e ainda que a sua composição azeotrópica é gradualmente 
mais rica para ácidos com cadeias alquílicas mais longas, existindo a indicação que a 









The physicochemical properties of protic ionic liquids (PILs) are quite essential for 
a robust interpretation of their functionality/applicability as solvents/reagents in biomass 
processing. The work and research project that is presented in this dissertation had as 
main goal the study of the physico-chemical properties of PILs, focusing on molecular 
interpretation and analysis of their speciation. For this purpose, 27 PILs derived from the 
combination of 5 superbases (5-diazabicyclo[4.3.0]non-5-ene (DBN), 1,8-
diazabicyclo[5.4.0]undec-7-ene DBU), triazabicyclodecene (TBD), 1,1,3,3-
tetramethylguanidine (TMG) and 1,2-dimethyl-1,4,5,6-tetrahydropyrimidine (DMTHP)) 
with 9 carboxylic acids (acetic, propionic, iso-butyric, n-butyric, n-perfluorobutyric, n-
pentanoic, n -hexanoic, n-heptanoic and n-octanoic acids). The studied properties were 
correlated with the size of the carboxylic acid alkyl-chain, structure and strength of the 
superbases. The study was restricted to liquid-vapor equilibrium, heat capacities, 
cohesive energies and phase behavior. In this work a comprehensive experimental 
approach was made, where the formation and stability of azeotropes in PILs is explored. 
All PILs studied show pronounced negative deviations from Raoult's Law, with a 
significant decrease in vapor pressure, indicating that the mixture is significantly 
stabilized relative to neutral acids and bases. It was concluded that the acidity and 
basicity of the components changes the proportion between ionic and neutral species, 
not being, however, the only factor with relevance for the interpretation of these PILs 
properties. The lower the extent of the acid-base reaction, the lower the ionicity of the 
PIL and the greater its tendency to deviate from the molar ratio of 0.5: 0.5. It was further 
concluded that the composition of the azeotropic mixture is also conditioned by the ability 
of the neutral (acid or base) forms to interact with the ionic pair. In the specific case of 
PILs derived from the combination of DBN, DBU, DMTHP with carboxylic acids, it has 
been found that the azeotrope is richer in the acid because of its ability to establish 
hydrogen bonds with the ion pair and that their azeotrope composition is gradually richer 
for acids with longer alkyl chains, with the indication that the composition converges to 
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Nomenclature, conversion factors and dimensions 
 
Nomenclature 
The IUPAC nomenclature for inorganic and organic compounds was adopted in 




In table I are presented the Unit conversion factors and their values in SI units. 
 
Table I. Unit Names and SI unit values. 
Unit name Symbol Value in SI units 
angstrom Å 10-10 m 
atmosphere atm 101.325 x 103 Pa 
atomic mass unit u 1.660 540 x 10-27 kg 
bar bar 1 x 105 Pa 
calorie cal 4.184 J 



















Table II. presents the symbols, dimensions and SI units of some of the physical 
constants used across this dissertation. 
 
Table II. Symbols, dimensions and SI units of some physical constants. 
Physical constant Symbol Dimensions SI units 
area A, S L2 m2 
Avogadro constant NA N-1 mol-1 
Boltzmann constant k, kB L2.M.T-2.ϴ-1 J.K-1 
density ρ L-3.M kg.m-3 
energy E, U L2.M.T-2 J 
energy density u L-1.M.T-2 J.m-3 
entropy S L2.M.T-2.ϴ-1 J.K-1 
force F L.M.T-2 N 
frequency ʋ, f T-1 Hz 
gravitational constant G L3.M-1.T-2 m3.kg-1.s-2 
hamiltonian H L2.M.T-2 J 
heat capacity C L2.M.T-2. ϴ-1 J.K-1 
length L, l L m 
mass m, M M kg 
molar gas constant R L2.M.T-2. ϴ-1.N-1 J.mol-1.K-1 
Planck constant h L2.M.T-1 J.s 
pressure p, P L-1.M.T-2 Pa 
temperature T ϴ K 
time t T s 
volume V, ʋ L3 m3 
weight W L.M.T-2 N 












Constants and units 
 
The recommended (CODATA) [0.1] values for the physical constants used in this 
thesis are presented in table III.  
 
Table III. CODATA recommended values, symbols and units for some physical constants. 
Physical Constant Symbol Recommended Value Unit 
Speed of light in vacuum c 299 792 458 m.s-1 
Planck Constant h 6.626 068 76(52) x10-34 J.s 
Electron mass me 9.109 381 88(72) x10-31 kg 
Proton mass mp 1.672 621 58(13) x10-27 kg 
Avogadro Constant * NA 6.022 140 76 x1023 mol-1 
Molar gas Constant R 8.314 462(15) J.K-1 .mol-1 
Boltzmann Constant k 1.380 650 3(24) x10-23 J.K-1 
Stefan-Boltzmann Constant σ 5.670 400(40) x10-8 W.m-2.K-4 
Note: The digits in parentheses represent the 1σ uncertainty in the previous two quoted digits. 
[0.1] – www.codata.org in 13rd February 2017 
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1. Aim and Organization of the Thesis  
 
About 300 000 years ago [1.1], the anatomically modern Homo sapiens rise in 
Africa, using the remarkable fire as a source of heat and energy. Short after that, several 
waves of migration ventured out of Africa and populated most of the world until 
nowadays. This ability of our species to use, change and affect the environment to our 
needs is the crucial reason for our unparalleled, at least that we know of, evolutionary 
success. We are, step by step, shortcutting the lines of natural selection/evolution by 
using the resources that our planet gave and still give to us. However, if we want to 
secure the future of our species and future generations, and also of the species around 
us, we must change our behavior and learn from our past and mistakes. We have to 
manage better the resources that our planet has, in a more sustainable and “greener” 
way improving our way of thinking and of life. Modern today’s life, economy and society 
are basically based and built around crude oil and its value. [1.2] Most of both our 
transportation chemicals and fuels are derived from ancient biomass that harvested solar 
energy millions of years ago. These resources are non-renewable! However, only if 
evaluated on a time-scale relevant to us, humans. When global petroleum extraction 
reaches its maximum it will result in an inevitable subsequent decline in the use of fuels. 
Regardless of when this event happens – or has happened already – we need to find 
sustainable alternatives to be prepare the future generations for the future. [1.2] There 
are, nowadays, several promising alternatives to fossil-based fuels. [1.3] Its fate, 
however, depends on our advances in harvesting the required energy from renewable 
sources. Biomass, a renewable source can be biological material from recently living 
organisms. Plant biomass, and especially wood biomass, is of interest due to both its 
availability (lots of wood biomass in our planet) and the chemistry of its three major 
components: cellulose, hemicellulose, and lignin. 
Cellulose, the most abundant biopolymer on earth is composed of glucose 
monomers, and it is also the main constituent of wood. This aspect, combined with the 
fact that wood is renewable and non-edible for humans, it represents an alternative and 
still viable source of crude oil. In addition, the hexose sugar units contained in cellulose 
can also be fermented to yield bioethanol - that can be used as a greener fuel for 
transportation for example. Although wood cellulose has the potential to serve as 
feedstock for both biochemicals and biofuel, a far more precious asset is hidden in its 
molecular structure, wood cellulose contains highly crystalline regions - known as 
nanocrystals - with tensile properties that rival those of Kevlar® [1.4] and these 
nanocrystals can potentially be used to produce biocomposites with outstanding 
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mechanical abilities. However, an important note is that the presence of lignin (a class of 
complex organic polymers that form important structural materials in biomass) is a major 
barrier for the efficient processing of wood cellulose, and environmentally-benign 






Until some years ago, the search for ILs, aprotic or protic ones, with cellulose-
dissolving ability has mainly been based on trial and error. The goal of several works is 
to identify structural similarities among cellulose solvents in order to propose alternative 
ILs for enhanced cellulose dissolution. It is known that both IL cations and anions are 
important for the efficient dissolution of cellulose. IL ions that are found in cellulose-
dissolving ILs were already identified and compared to both nondissolving ILs and 
traditional cellulose solvents. [1.5] Structural analysis of the native cellulose crystal lattice 
reveals that only one specific type of H–bond must be cleaved to achieve polymer chain 
separation. 
It was proposed by Ken Marsh and his group [1.5] that efficient cellulose solvents 
are able to arrange their dipoles in a favoured geometry, allowing them to successfully 
compete with the strong H–bond networks of native cellulose. It is suggested that 
mixtures of ILs and salts, with small-sized ions such as lithium chloride, could result in 
highly efficient cellulose solvents that are more environmentally friendly than traditional 
solvents. [1.5] In general, ILs need to have the following optimal characteristics to have a 
more favourable cellulose dissolution: 
 
Base/ Cation: -    Ability to delocalize the positive charge; 
- Aromatic heterocycle; 
- Second heteroatom in an aromatic ring; 
- Inherited dipolar characteristics. 
Acid / Anion: -     Ability to act as an H-bond acceptor; 
- Substituents should not be bulky or too much hydrophobic; 
- Either small in size or ability to offer several H-bond acceptor sites. 
 
According to the current information available in literature, ILs have the potential 
of overtaking the conventional methods used in the biorefinery industry, as shown by 
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their large removal capabilities of lignin from the lignocellulosic biomass, up to 50 wt%, in 
combination with their ability to dissolve cellulose, up to 25 wt%. [1.6] Next to their high 
extraction and dissolution capacity, various studies have shown their high thermal 
stability, thus ensuring the use of ILs at the high temperatures needed for the extraction 
of lignin and dissolution of cellulose. Nevertheless, despite their advantages, ILs also 
have some disadvantages, which should be resolved or further investigated before 
scale-up or implementation in industry takes place. The biggest disadvantage is probably 
the production price of AILs. The combination of the low reaction yields and the use of 
conventional solvents leads to the need of extended purification steps increasing their 
price per ton. Thus, better procedures should be devised to decrease the production 
price. Moreover, ILs often have moderate to high viscosities, which hampers their full 
potential to dissolve cellulose due to a large decrease of mass transfer. PILs are 
promising alternatives compared to AILs. They are able to dissolve cellulose (up to 18 
wt%) and to extract lignin (80 wt%) from lignocellulosic biomass. [1.6]  
 
For some of the PILs studied in this work, the following results concerning their 
ability to dissolve cellulose were reported [1.7-1.8]: 
 
PIL – Temperature / time / solubility / source of cellulose 
[DBNH][MeCOO] – 80 ºC / 18 hours / 5 wt% - Eucalyptus pulp 
[DBNH][EtCOO] – 80 ºC / not given / 16 wt% - Eucalyptus pulp 
[DBUH][MeCOO] – 80 ºC / 18 hours / 5 wt% - Eucalyptus pulp 
[DBUH][EtCOO] – 80 ºC / not given / 16 wt% - Eucalyptus pulp 
[DMTHPH][EtCOO] – 80 ºC / 18 hours / 5 wt% - Eucalyptus pulp 
[TBDH][EtCOO] – 80 ºC / 18 hours / 5 wt% - Eucalyptus pulp 
[TMGH][EtCOO] – 100 ºC /10 min / 5 wt% - Microcrystalline cellulose (DP381) 
[TMGH][nPentCOO] – 100 ºC/18 hours/0 wt%- Microcrystalline cellulose (DP381) 
 
The major advantage of PILs over AILs is their easier and cheaper preparation. 
While for the AILs a complete synthesis with extended purification is needed, only mixing 
of the acid and base is required for the preparation of a PIL. A disadvantage of the 
preparation is the fact that it is exothermic, which introduces the need for cooling. At a 
lab scale this is a minor problem, as observed in this thesis, but heat development can 
cause major problems during the upscaling process. The higher volatility of PILs is often 
noted as a big advantage but could be explored for improving solvent recycling. Higher 
volatility can make applications such as distillation less energy-costly. Furthermore, only 
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few publications have discussed the handling of cellulose and lignocellulosic biomass 
with PILs.  
 
 
1.2. Aim of the work and scientific context 
 
Biocompatible composites, generated from renewable biomass feedstock, are 
regarded as promising materials that could replace synthetic polymers and reduce global 
dependence on fossil fuel sources. Wood cellulose, the most abundant biopolymer on 
earth, holds great potential to this purpose. [1.9] To unlock the entire scope of potential 
benefits of this feedstock, the wood components—namely cellulose, hemicellulose and 
lignin—need to be separated and processed individually. This thesis aims to increase 
our understanding of the interaction between protic ionic liquids and biomass, in order to 
develop superior biomass processing techniques. Understanding how protic ionic liquids 
are able to dissolve biomass should pave the way for finding new and better solutions for 
using biofuels. 
Recently, there has been an increasing interest in the use of PILs for cost-
effective and environmentally benign dissolution and processing of biomass like cellulose 
and wood. [1.10-1.11] The development of effective cellulose extraction methods and 
suitable cellulose dissolution systems is of utmost importance, but is also a great 
challenge for R&D in order to attain the knowledge needed for efficient process design. 
[1.10-1.11] In this context, ILs present particular properties, such as: large liquid 
temperature ranges, high thermal and chemical stabilities, high thermal conductivities, 
and low vapor pressures, which among their advantages allow fluid recycling in many 
processes. One important attribute of PILs and ILs is their enhanced ability to dissolve 
the most diverse compounds. [1.12-1.14] The research performed until now is mainly 
focused on the well-known aprotic ILs, and less effort has been invested in exploring 
PILs for this purpose. PILs are recently gaining interest as potential solvents in the 
dissolution of biomass in part, because they are relatively cheap and distillable. [1.10, 
1.15] In order to make the process more economical, ionic liquids need to be recycled 
and separated from the product streams. Hence, for process design, it is very important 
to know their volatility, enthalpies of vaporization, nature of the gaseous phase, and 
information concerning binary mixtures of ILs with water and other solvents (solubility, 
excess properties, phase diagrams). Due to the large array of possible PILs, 
thermophysical properties for most of them are still unknown or poorly characterized, and 
a complete database is far from being accomplished.  
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Hence, the primary aims of this Ph.D. thesis were to develop a concept that 
explains the composition and speciation of protic ionic liquids and focus on the molecular 
understanding of physicochemical properties and cohesive energies of protic ionic 
liquids, important for their application. 
The effect of different base/acid compositions and the identity of those bases and 
acids on the cohesive energy, volatility and speciation of PILs was explored. By 
speciation is meant the equilibrium proportion of all neutral species and ions that 
compose the PIL at given set of conditions. The present work is concerned with the 
thermophysical study of pure PILs having a equimolar (1:1) and non-equimolar (excess 
of one component) proportions of base and acid. It focuses on the molecular 
understanding of their physicochemical properties, chemical-reactivity and evaluation of 
molecular interactions in PILs that may be relevant for biomass processing. It also 
contributes to an increase in the experimental database of thermophysical properties of 
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 1.3. Organization of the Thesis 
 
The thesis is organized in nine chapters. After the brief introduction to the aim 
and organization of the thesis in the present Chapter 1 – Aim and Organization of the 
Thesis, the subsequent chapters are organized as follows:  
 
Chapter 2 - Introduction presents an introduction to the subject. In the first part 
of the chapter, some concepts are exposed: what are ionic liquids and what is their 
relation to the concepts of energy and sustainability. The differences between aprotic 
(AILs) and protic ionic liquids (PILs). How PILs are formed/synthesized, their unique 
physicochemical properties, structural organization and the most important properties 
and applications of each class are presented. The second part of the chapter starts with 
some fundamental concepts about biomass and biomass processing and after that, a 
discussion about biomass as a viable source of energy and the potential use of PILs for 
biomass processing is presented. 
 Chapter 3 – Synthesis and Characterization shows a summary of the 
compounds studied, their synthesis and purification procedures and the characterization 
methodologies. Additional materials (calibrants and test compounds) are also shown. 
In Chapter 4 – Quantum Chemical Calculations, the quantum chemical 
calculations are presented as a complement to the energetic study and ion pair equilibria 
of PILs. Several calculations were made using three distinct methods and a new 
approach, concerning the accessible surface area, is presented. The results obtained 
show that the ion pair is the preferred species in all PILs. 
In Chapter 5 – Phase Behavior and Heat Capacities of Protic Ionic Liquids, 
the phase behavior and heat capacities (at 298.15K and at different temperatures) are 
presented and discussed considering the effect of the base and acid. Some trends 
exploring their effects were found and the results were also used to evaluate their liquid 
phase structure, the possibility of nanostructuration and the PILs iconicity. Two equations 
to calculate the heat capacities of the same families of the studied PILs were also 
deducted from the obtained results. 
Chapter 6 – Speciation of Protic Ionic Liquids presents the speciation issue in 
protic ionic liquids. How this effect influences their behavior and composition is 
discussed considering the vapor pressures measurements for the PILs studied. For the 
first time, the equilibrium proportion of acid and base was determined and correlated with 
the acid and base strength. 
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In Chapter 7 – Cohesive Energies of Protic Ionic Liquids the cohesive energy 
study is presented. The effects of different bases, acids and composition are explored in 
detail. The results show clearly how the composition of a protic ionic liquid affects its 
vaporization properties and gave insights about the iconicity and speciation of the PILs in 
the liquid and gas phases. 
Chapter 8 – Concluding Remarks and Perspectives presents a summary of 
the final remarks of this thesis and some future perspectives and work that can be done 
in this area. 
Annexes compiles all the supporting information concerning spectral (FTIR and 
NMR) and phase behavior data, and quantum chemical calculations results.  
 





I. Vaporization of protic ionic liquids derived from organic superbases and short 
carboxylic acids. (Published Phys. Chem. Chem. Phys. 2017, 25, 16693-16701.) 
II. Experimental evidence for azeotrope formation from protic ionic liquids. 
(Published Chem. Phys. Chem. 2018, doi.org/10.1002/cphc.201800335)  
III. Heat capacities of DBN and DBU based protic ionic liquids. (Submitted to J. Mol. 
Liq.) 
IV. Evidence of nanostructuration in protic ionic liquids. (Manuscript in preparation) 
V. Composition effect on cohesive energies of protic ionic liquids: speciation effect. 
(Manuscript in preparation) 





I. Speciation of Protic Ionic Liquids 
ECTP21st, European Conference on Thermophysical Properties 




I. Cohesive Energy of Protic Ionic Liquids 
ILMAT IV, 4th International Conference on Ionic Liquid-based Materials  
October 2017, Santiago de Compostela, Spain. 
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II. Thermophysical Properties of Protic Ionic Liquids 
ECTP21st, European Conference on Thermophysical Properties  
September 2017, Graz, Austria. 
III. Cohesive energy trends in distillable protic ionic liquids 
ILWS, 1st Ionic Liquids Winter School  
February 2017, Porto, Portugal. 
IV. Cohesive energy of protic ionic liquids 
6 th EuCheMS, European Chemical Sciences.  
September 2016, Sevilha, Spain. 
V. Thermophysical properties of protic ionic liquids 
19th Symposium on Termophysical Properties  
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In the past two decades the Ionic Liquids (ILs) field has grown significantly, with a 
strong focus on their unique properties that allow their use in specific applications. ILs are 
salts composed only of ions that melt at low temperatures (significantly lower when 
compared with other ionic salts), without decomposing or vaporizing. They have several 
properties (liquid range of around 300 ºC (-96 ºC to 200 ºC), excellent solvents, thermally 
stable under conditions up to 200 ºC, no significant vapor pressure at room temperature, 
etc.) that are suitable for several areas and applications. Low-temperature ionic liquids can 
be compared to ionic solutions, liquids that contain both ions and neutral molecules, and 
in particular to the so-called deep eutectic solvents, mixtures of ionic and non-ionic solid 
substances which have much lower melting points than the pure compounds. [2.1] 
 
 
2.1. Protic ionic liquids (PILs)  
 
 
Protic ionic liquids (PILs) are a subclass of ILs that are synthesized through the 
stoichiometric neutralization reaction of a Brønsted acid with a Brønsted base. An 
important feature of PILs is that they have an available proton on the cation. By convention, 
the other ILs can be classified as aprotic (AILs), although there are some other subsets 
similar to PILs that are functionalized such that they have an available proton that is 
typically located on the anion, the Brønsted-acidic ILs. 
 
 
2.1.1. Formation of Protic ionic liquids 
 
The simplicity of PILs synthesis through proton transfer from a Brønsted acid to a 
Brønsted base is an inherent characteristic of these ILs (equation 2.1). Yet, depending on 
the acid and base used, this proton transfer may be only partial, such that there is a portion 
of neutral molecular precursors remaining in the solution. Consequently, in the last few 
years there has been considerable effort conducted into quantifying and understanding 
the fundamental characteristics of these ILs, like the degree of proton transfer, ionicity, 
polarity and some other related properties such as conductivity. [2.2] 
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2.1.1.1. Synthesis, ionicity and proton transfer 
 
The synthesis of PILs is generally a neutralization reaction with addition of a 
Brønsted acid to a Brønsted base. After that, the resulting solution is dried to remove any 
volatile impurity present, such as water for example. The proton transfer can be 
incomplete, leading to some remaining molecular neutral species within the PIL. In 
addition, the drying process is likely to remove more of one component than of the other, 
leading to a nonstoichiometric mixture enriched, usually, in the less volatile precursor 
species. [2.2] 
A strong correlation between the extent of proton transfer and the difference in pKa 
between the acid and base precursors can be found. [2.3] The effect of using a weaker or 
a stronger acid was already investigated using the 1-hexyl-3-methylimidazolium (C6mim) 
cation paired with acids of increasing strength. The resulting stoichiometric mixtures were 
nearly completely ionic for strong acids such as bis(trifluoromethylsulfonyl)imide (NTf2) 
and trifluoromethanesulfonate (TfO). The less acidic trifluoroacetic acid (TFA) led to a 
mainly ionic mixture, whereas the weaker formic and acetic acids had poor proton transfer. 
[2.4] Notwithstanding, they still showed proton conductive behavior, and it was proposed 
that they should be defined as “pseudo-protic ILs”. [2.2; 2.5] 
Burrell et al. reported an alternative method for the synthesis of PILs, where the 
acid and base precursors were dried before their use and then added stoichiometrically to 
a rapidly stirred reaction vessel. [2.6] They noted that conducting the synthesis in this 
manner minimized the exothermic heat resulting from this reaction, and through sufficiently 
slow addition of the precursors enabled heat dissipation during the synthesis. [2.6] These 
PILs were investigated using 15N NMR to show that the proton transfer had occurred as 
expected. An important conclusion is that the species were all ionic, however, many were 
in the low-ionicity region of the Walden plot, which is basically the graphical representation 
of log ᴧ = f (log (1/ƞ)), where ᴧ is the equivalent conductivity of the PIL and ƞ its viscosity. 
Still, it was suggested that there must be a significant proportion of electrically neutral 
species in the mixture, such as ion pairs. [2.6]   Of the series of 48 acid−base combinations 
prepared by Burrell et al. from dried precursors, only 18 formed homogeneous liquids and 
12 formed biphasic mixtures. [2.6] These biphasic mixtures did not occur when an 
additional solvent was present, and for some acid−base pairs the biphasic mixture could 
be converted to a homogenous product by heating above the melting point. The biphasic 
mixture of triethylamine or tributylamine with acetate was characterized as consisting of 
an acid-rich salt solution on the bottom with a predominantly unreacted amine layer on 
top. [2.6-2.7] It appears that the acetate anion does not always support the 1:1 
stoichiometry, which is consistent with it forming biphasic mixtures with various amines 
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under certain synthesis conditions as stated above. The combination of N-
methylpyrrolidine with acetic acid was shown to have low ionicity for the 1:1 salt and 
highest ionicity for the 3:1 mole ratio of acid:base, which was suggested to be similar in 
composition to the bottom layer of the biphasic solutions. [2.8] Based on this, the following 
question could be raised: These salts with acid:base ratios different from 1:1 ratio be 
classified as a PIL or are they only protic salts? While ILs are often described as consisting 
solely of ions, their ionic conductivity is often less than expected. As an alternative, a 
proportion of the ions may be present as ion pairs or aggregates, and for PILs there may 
be some neutral molecular precursors present, all of which lead to lower ionic conductivity. 
The ionicity of ILs has been proposed by MacFarlane et al. to be “the effective fraction of 
ions available to participate in conduction”. [2.9] The ILs ionicity was discussed by 
Watanabe et al., specifically regarding to their physicochemical properties and solvent 
polarity, though there was limited information concerning PILs. [2.10] The PILs lower 
ionicity, when compared with aprotic ILs, was suggested to be due to the stronger ion−ion 
interactions. [2.2; 2.11] 
The difference between PILs and protic salt solutions was discussed by Canongia 
Lopes and Rebelo in terms of their azeotropy, where the proportion of base:acid in the 
vapor phase is identical to that in the liquid phase. [2.12] In particular, for “weak” PILs, it 
can be expected that there will be a significant proportion of neutral species, which upon 
drying or degasification of the PIL will lead to a liquid that is very unlikely to be 
stoichiometric. [2.12] The reversible proton transfer process in PILs can be exploited, and 
it has been shown that some PILs can be developed into ionic media buffers through 
addition of a non-ionic neutral species, which can be converted into the IL through 
exchange of the counterion, for example, through the addition of the protonated form of 
the anion. [2.13] A new class of PIL-like compounds was reported by Johansson et al., 
which were described as anion amphiprotic and involve the acid−base neutralization of 
methylcarbonate with trifluoromethanesulfonamide. [2.14] These compounds do not 
contain an acidic proton and are chemically more stable than conventional PILs, though 
not having a reversible reaction back to their neutral precursors. [2.2] 
 
 
2.1.1.2. Intermolecular forces 
 
Between the cations and anions in PILs, their interactions consist of a mixture of 
hydrogen bonding, Coulomb charge and dispersion forces. These have been investigated 
using a variety of spectroscopic techniques and theoretical calculations. In 2012, Dong 
and Zhang wrote a review on hydrogen bonds in ionic liquids and focus on aprotic ILs, 
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although it also includes PILs. [2.15] The hydrogen bonds that are present in PILs vary 
between strong linear hydrogen bonds and weaker bent ones. The hydrogen bonds angles 
are a consequence of the PIL nanostructure due to some alkyl chain segregation. As the 
proportion of linear hydrogen bonds increases, the ionic liquid becomes more “solid like”. 
[2.16] It was shown that hydrogen bond strength correlates well with the melting and glass 
transitions in PILs [2.16] and the presence of aromatic rings attached to the imidazolium 
ring was observed to increase the cohesive energy of these family of PILs as compared 
to their imidazolium counterparts. [2.17] 
 
 
2.1.2. Vapor phase 
 
Ionic liquids are often referred to as non-volatile or having a negligible vapor 
pressure, but this is not always true. For example, several PILs can be distilled, as reported 
by Angell et al. in 2003, [2.3] and many boiling points have been reported for PILs, [2.3, 
2.18-2.19] Though, there is conflicting indications in the literature for whether the gas 
phase of PILs consists only of the molecular neutral species, or whether molecular and 
ionic aggregates coexist. For some aprotic ionic liquids that can be distilled under vacuum 
without decomposition, [2.20] the gas phase consists of neutral ion pairs. [2.21-2.22] The 
made investigations until now correlate well with the expected extent of proton transfer, 
with only PILs with particularly large pKa differences between the precursor acids and 
bases leading to both molecular and ionic aggregates, and hence the suggestion that they 
are evaporating, at least to some extent, as ion pairs. This proposes that most PILs are 
like aprotic ILs, which have a vapor phase consisting of neutral ion pairs with no free ions 
or larger clusters detected. [2.20-2.21, 2.23]  
 
 
2.1.3. Physicochemical characterization 
 
An important parameter for PILs in many applications is their ability to conduct 
protons. The ΔpKa between the acid and base precursors of the PIL has been used as an 
indication of the degree of proton transfer. A correlation was reported by Watanabe et al., 
which showed that the open circuit potential for hydrogen fuel cells increases with 
increasing ΔpKa until ΔpKa ≈ 17, then decreased after that. [2.24] This behavior was 
attributed to the PILs that have a low ΔpKa having more neutral species present, and hence 
poorer electrochemical properties. The poor electrochemical behavior for the PILs with 
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very high ΔpKa values was attributed to the strong hydrogen bonds between the base and 
the “available” hydrogen of the acid, leading to poor proton activity. [2.24] Thus, there 




2.1.4. Proton activity 
 
The pH scale is routinely used to measure the proton activity in aqueous solutions, 
however, the pH scale is not valid in neat ionic liquids or highly concentrated ionic liquid 
solutions. So, alternative measures for proton activity have been developed, although 
currently a standard method does not exist. Some of these techniques include the use of 
acid/base probe molecules that are sensitive to the proton activity present. These probes 
that have been used include, for example, the indicator phenol red, [2.13] the dye 4-
nitroaniline [2.25] and Reichardt’s dye, [2.26] all of which had their level of protonation 
determined previously using UV/Vis spectra. The dye 4-nitroaniline probe was used to 
provide a measure of the Hammett acidity functions for the addition of formic, acetic, or 
propionic acid into PILs that contain a carboxylate anion. The degree of acidity of the acids 
in the PILs was propionic > acetic > formic, which is the opposite to what is observed in 
water, and was attributed to the stabilization, in some degree, of the PIL cation toward the 
conjugate base of the acid. [2.25] A review of the Brønsted acidity of various solvents and 
including some considerations for the characterization of the acidity of ILs, emphasised 
the inherent differences from aqueous systems, and that it cannot be assumed that 
aqueous data is relevant for IL systems. [2.2; 2.27] 
The δ(N−H) proton chemical shift, as measured using NMR, has been proposed 
by Angell et al. to provide a measure of the proton activity. [2.28-2.29] This technique is 
sensitive to water content, so it requires anhydrous conditions, with water contents less 
than 1000 ppm. [2.29] Another way to measure the proton activity has also been obtained 
from the hydrogen-redox potential for hydrogen saturated PILs by Angell et al., where the 
difference between the potentials required to remove a proton from the acid (cation) and 
to reprotonate the base (anion) correlated well with the ΔpKa of the acid and base 
precursors yielding a good measure of the proton activity in the PILs. [2.30] 
 
2.1.5. Structural organization 
 
ILs, aprotic or protic, can possess a complicated structure in the liquid phase, like 
what happens with other similar molecular solvents such as alcohols, [2.31-2.33] amino-
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alcohols, [2.33-2.34] and amides. [2.35] When ILs have sufficiently long alkyl chains, 
typically 2−4 carbons minimum, they segregate into polar and nonpolar domains. [2.36-
2.38] This intermediate-range order nanostructure in the bulk liquid have previously been 
reviewed in studies including protic and aprotic ionic liquids, focusing on the bulk [2.39] 
and surface structure of ILs. [2.2; 2.40] 
A good understanding of the ILs mesostructure is important for determining how 
they interact with other solutes such as water, [2.41-2.42] molecular solvents, [2.43] and 
amphiphiles. [2.39] For instance, in materials synthesis the use of silver-containing ILs to 
form colloidal silver could only be achieved from the strongly nanostructured Ag-
(octylethylenediaminium)2 TFSA and poorer results were obtained with analogous ILs with 
shorter alkyl chains, showing the importance of the alkyl chains and segregation in the ILs 
properties [2.44] Structured silica has been synthesized using the non-ionic block 
copolymer P123 and ethylammonium nitrate (EAN) leading to micropores and mesopores 
with average sizes of 1.0 and 4.5 nm, respectively. [2.45] These micropores were 
associated with the nanostructure of the EAN, and the mesopores from a P123−EAN 
lyotropic liquid crystal phase. Previously, a strong correlation has been identified between 
the ability of ILs to support amphiphile self-assembly and their nanostructure. [2.39] As the 
nonpolar domain size in the IL increases, with the increase of the alkyl chain for example, 
the hydrocarbon solubility increases, which leads to a lower driving force for amphiphile 
self-assembly. Yet, for non-structured ILs the hydrocarbon solubility is lower, and in some 
cases too low to enable sufficient amphiphile solubility to reach the critical aggregation 
concentration (CAC). [2.39] 
 
2.1.6. Properties and applications 
 
 In the past few years, the interest in PILs and their unique properties for several 
applications has increased rapidly, mainly due to their unique properties in the liquid 




The PILs inherent nature of having protons available for proton conduction, without 
the need to be acidic, makes them highly suitable as electrolytes, for fuel cells and 
batteries for example. [2.46] The PILs proton conductive properties can be tailored for 
specific applications to achieve wide electrochemical windows, high conductivity, and/or 
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other desirable properties. This all can be done by simply changing the structure of the 




The PILs are being used as replacements of organic solvents as the mobile phase 
in liquid chromatography. Some of them were also trialed for separating proteins and 




Some reports concerning the use of aprotic ILs in the field of liquid−liquid 
extractions and separations have already been published. [2.49] Many of the procedures 
using AILs are successful due to the low solubility of the IL in water. In contrast, few studies 
that use PILs for liquid−liquid extraction or separation were made, maybe because of their 
high miscibility with water, meaning that either novel hydrophobic PILs are required or the 
PILs must be used in extraction from hydrophobic media. The solubility parameters of 
nonpolar solutes in a series of ionic liquids were reported, the ILs were mostly aprotic, but 
also included the protic EAN. [2.50] 
In 2011, Verevkin report the activity coefficients of solvents in a protic ionic liquid. 
[2.51] EAN as the PIL was used and Verevkin recognised that the vapor pressure of EAN 
was significantly low so that it could be treated as “negligible” (similar to AILs) for activity 
coefficient measurements. [2.51] This work purpose was to show that activity coefficients 
can be measured in PILs using the same methods and assumptions as for AILs. The 
activity coefficients provide a quite good insight into the interactions established between 





Nowadays, there is a solid need for solvents capable of absorbing efficiently CO2 
and SO2 and also other greenhouse gases, and some ILs are promising candidates for 
this purpose. [2.52-2.54] Until know, predominantly aprotic ILs have been trialed, although 
the gas solubilities in some few PILs have also been reported. [2.55-2.60] The CO2 
solubility was determined in a series of hydroxyl-containing ammonium PILs, with the 
highest solubility observed in triethanolammonium lactate and tri-(2-
hydroxyethoxy)ammonium acetate. [2.61] Another series of PILs with multiple amine 
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moieties on the cations paired with formate, acetate, or chloride anions were used for CO2 
capture and the highest CO2 capture was obtained for the neat PILs, and one aqueous 
PIL solution, was ∼13 w/v %, which corresponds to a mole fraction comparable to that 
achieved with the commonly used methylamine solution with 30 wt % water. [2.59] A nice 
advantage was that the amine groups present in these PILs were less basic than their 
molecular counterparts, leading to lower binding energies to CO2, and producing less 
alkaline and less corrosive solutions, and lower energies required for the desorption of the 
CO2 and consequently re-use/recycling of the PILs. [2.59] 
 
Solvents for biological media 
 
Summers and Flowers reported some years ago that EAN suppressed aggregation 
of lysozyme and improved its folding and refolding ability. [2.62-2.63] Since that work, the 
stability and activity of a few proteins in a wide range of PILs have been explored, and 
many PILs have shown to be good stabilizers. PILs have also been shown to be beneficial 
in biocatalysis, as additives for protein crystallization, and to a lesser extent as solvents 
for lignin and cellulose for biomass conversion, as can be seen at the end of the present 
chapter. There are numerous reviews on the use of ILs in biological applications, although 
these have predominantly focused on aprotic ILs. More recently, these reviews have 
addressed the role of ILs in biomass conversion, [2.64] the use of ILs in protein assays, 




As a new and exploratory field, there are some PILs that are being synthesized 
from cations and/or anions, that are known to be pharmacologically active. The 
pharmaceutical activity of these ions includes antiinflammatory, analgesic, antifungal, and 
also anti-viral properties. Potentially pharmaceutically active PILs, protic molten salts, and 
complexes have been developed by Mirksov et al. [2.69-2.72], and generally, their 
synthesis, IR, NMR, and elemental analysis have been reported. MacFarlane et al. 
investigated the permeation of pharmaceutically active PILs through a model membrane 
(simulating the skin), to further understand how some PILs may permeate the skin. [2.73] 
Two of the PILs investigated had pharmaceutically active cations and anions of 
tuammoniumheptane salicylate and bromohexinium ibuprofenate; two more conventional 
PILs of butylammonium acetate and heptylammonium acetate were also studied. [2.73] It 
must be noted that not all Brønsted acid/Brønsted base pairs will lead to protic ionic liquids, 
and this was shown for pharmaceutically active precursors using a theoretical DFT 
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method. [2.74] The investigation included the amines triethanolamine, 
methyldiethanolamine, dimethylethanolamine, and trimethylamine, combined with acetic 
acid, hydrochloric acid, and three different arylheteroacetic acids. [2.74] On the basis of 
the interactions and binding energies, predictions were made for whether there would be 
proton transfer leading to PILs, or the formation of hydrogen-bonded complexes in these 
systems. The obtained data suggest that protic salts or hydrogen-bonded complexes 
would be formed with the triethanolamine, depending on which acid it was paired with, 




Over eighty ionic liquids were studied and their in vitro cytotoxicity was evaluated 
using human colon cancerous cells (Caco-2). The increasing of the alkyl chain on the 
cation increased the toxicity, whereas the presence of a COOH or ether group decreased 
it for certain ILs. The toxicity was strongly dependent on the anion, although this 
investigation only included aprotic ILs. [2.75] The toxicology of ten PILs containing 
selected combinations of ethanol-, diethanol-, or triethanolammonium cations with 
formate, acetate, propionate, butyrate, isobutyrate, or pentanoate has been reported and 
compared with commonly used imidazolium and pyridinium-type aprotic ILs. [2.76-2.77] 
Aquatic toxicity, biodegradability, and tests on enzyme and leukemia rat cells were 
conducted, with the PILs having EC50 values >100 mg/L and a good biodegradability rate. 
[2.76]  Studies of terrestrial ecotoxicity of PILs and AILs through bioassays on various 
plants and soil microorganisms showed no toxic effects from the PILs, with the PILs having 
potential biodegradation in soil. [2.77] In contrast, the aprotic ILs were generally more 
toxic, with EC50 values orders of magnitude lower for all of the tests, and a greater 
resistance to biodegradation. [2.76-2.77] In general, shorter alkyl chains and less complex 
structures on the ILs led to lower toxicities. 
 
Catalysis and organic synthesis 
 
Protic ionic liquids as solvents and/or catalysts has been extensively studied for a 
wide variety of organic reactions. [2.78] In order to be used in many organic reactions the 
IL is generally required to be a Brønsted acid, and in less extent a Lewis acid or base. The 
PILs are Brønsted acidic due to the fact they have an available proton. In contrast, for 
aprotic ionic liquids, the Brønsted acidity requires a more careful design/selection of the 
ions to be used, either through the presence of a Brønsted acidic group on the cation, such 
as -SO3H, or an available proton on the anion, such as HSO4-. 
24 FCUP 
Chapter 2 - Introduction 
 
The ILs used in organic synthesis and other applications involving catalysis for 
example, are frequently referred to as “task-specific” or “functionalized” because of these 
requirements, even though many of the ILs can be considered as “common ILs” and are 
used in a broad range of applications. It is known that for many organic reactions the 
determining factor for the design of the “optimal PIL” is the acidity or basicity required for 
the reaction. For example, it was found that the HSO4- anion is a good source of an active 
proton, EAN is a good acidic PIL, and that hydroxyl-containing cations and/or the lactate 
anion tend to provide a good basic environment in the PIL media. Another aspect that 
shows why the ILs are being used in organic synthesis is their potential as greener 
solvents/catalysts as compared to the existing molecular solvents. Several reviews of the 
green chemistry aspects in organic synthesis have discussed the role of ILs, there 
potential benefits, if the ILs are recoverable and reusable, etc. [2.79-2.83] The wide range 
of solvent properties within PILs (and aprotic ILs) enables a good solvent optimization for 
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2.2. Biomass processing 
 
2.2.1. Fundamental concepts  
 
The basis of biomass are lignocellulosic materials, complex composite materials 
composed mainly of cellulose, hemicellulose, and lignin, even though some extractives 
like waxes and proteins are also present in smaller quantities. [2.84-2.86] The chemical 
composition of plants differs considerably and is influenced by both genetic and 
environmental factors. [2.87] The three main fractions of lignocellulosic materials exhibit 
different physical and chemical structures and are schematic shown in figure 2.1. 
 
 
Figure 2.1. Scheme of the spatial arrangement of cellulose, hemicellulose, and lignin in the cell wall. Adapted 





Cellulose, the most common organic polymer, is considered an almost endless 
source of raw material for the increasing demand for environmentally friendly and 
biocompatible products. Common wood consists of up to 47 % m/m of cellulose, which is 
the main structural component of the primary cell walls of plants. [2.89] Although wood 
pulp remains the most important raw material source for cellulose, this biopolymer can 
also be extracted from algae, bacteria, and even annual crops. [2.90] 
Cellulose is a linear polymer of cellobiose, which is composed of two glucose sugar 
units linked by glycosidic linkages (C-O-C) at the C1 and C4 positions (figure 2.2). The 
cellulose polymer chain length depends on the degree of polymerization (DP), which is the 
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number of repeating units of glucose. The DP can vary considerably from about twenty, in 
the case of laboratory-synthesized cellulose, to ten thousand or more for bacterial 
cellulose. [2.90-2.91] Each unit of glucose is rotated by 180º with respect to its neighbors, 
so that the structure repeats itself every cellobiose unit (represented in figure 2.2). The 
cellulose prevenient from wood contains approximately ten thousand units, and the 
polymer can reach a length of about 5 μm in the highly crystalline regions. [2.89] One of 
the chain end has a hemiacetal group at the C1 position, known as the reducing-end, while 
in the other side there is an alcoholic hydroxy (OH–) group on the C4 carbon position, 
referred to as nonreducing end.  
 
 
Figure 2.2. Schematic figure of a cellulose polymer chain. Adapted from source [2.92]. 
 
There are known at least seven different crystal structures of cellulose: Iα, Iβ, II, IIII, 
IIIII, IVI, and IVII. These differ mainly in their unit-cell dimensions, chain-packing, and H–
bond interactions. Cellulose I and II are the most common forms and cellulose I (native) 
consists of parallel aligned chains, while cellulose II (regenerated), has antiparallel 
alignment. Although being thermodynamically more stable than cellulose I at standard 
conditions, the conformation of the hydroxymethyl group in cellulose II is not suitable for 
intermolecular H–bonding (example in figure 2.3), resulting in this allomorph being more 
susceptible to be attacked by a solvent. [2.93] Native cellulose is a linear but 
semicrystalline polymer, consisting of highly structured crystalline regions, known as 
microfibrils, and amorphous parts. The other components, such as lignin or hemicellulose, 








Figure 2.3. Schematic representation of the intra- and intermolecular hydrogen bonds in cellulose. Adapted 
from source [2.92]. 
 
In their natural state, about 40 to 70 cellulose chains are interconnected by H–
bonds, between the hydroxymethyl at position C6 and the OH–group at position C3 of the 
adjacent chain, to form a microfibril. [2.95] These microfibrils are extremely stiff, with an 
elastic modulus of approximately 220 GPa in fiber direction and about 15 GPa 
perpendicular to it. [2.96] Both the strong glycosidic bonds and the large degree of intra- 
and intermolecular H–bonding in cellulose are responsible for its great chemical and 






Lignin is a natural, highly branched and amorphous polymer of high molecular 
weight, acting as the essential “glue” that gives plants their structural integrity and 
representing the second most abundant natural polymer on earth, after cellulose. [2.97] 
As an integral part of the secondary cell wall of plants, and due to its hydrophobic 
character, it plays a very important role in transporting water into the plant stems. Lignin 
lacks a clearly defined secondary or tertiary order and its variable composition depends 
on the plant source. [2.98-2.99] In a simplified way, lignin can be regarded as the 
polymerized product of three fundamental phenylpropane units, commonly known as 
monolignols: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. In the lignin 
macromolecule, these monolignols are incorporated in the form of phenylpropanoids: p-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S). [2.98] These monomeric units differin 
their number of substituted methoxy groups and, although representing most of repeating 
units in the lignin macropolymer, other lignols may be present in smaller quantities. 
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The composition of lignin varies depending on wood species and plant type. Harder 
woods tend to have slightly higher lignin contents than the soft ones. Softwood lignin, 
predominantly found in coniferous trees, consists primarily of coniferyl alcohol units, while 
hardwood lignin contains both coniferyl and large amounts of sinapyl units. The least 
substituted monolignol, p-coumaryl alcohol, is scarcely present in wood and is more 
common in grasses. [2.98] The classification of lignin is important to industrial applications 
and it goes into two different types: acid-soluble lignin and acid-insoluble lignin. [2.98] It is 
still under debate whether covalent bonds between lignin and wood carbohydrates exist, 




2.2.2. Biomass processing with ILs  
 
Ionic liquids are highly polar due to their ionic character, resulting in their enhanced 
biopolymer dissolving capacity. [2.102] Several factors influence the ILs ability to dissolve 
cellulose. Low-viscosity ILs promote the dissolution process, mainly due to their higher 
ions mobility, and it was shown that longer dissolution times (> 12 h) do not always lead 
to better results, especially at higher temperatures. [2.102-2.105] There is a risk of partial 
degradation at elevated temperatures and these needs to be taken into account for the 
fact that the favoured dissolution temperature is very often 10 K above the melting 
temperature of the IL. [2.102; 2.106-2.107] 
Great results have been obtained when (3 to 5) s microwave pulses were used 
instead of thermal heating. As an example, the solubility of cellulose with a DP of 1000 
was increased by 150 % using this method. [2.108] Microwave heating is characterized by 
an internal heating process, due to the direct absorption of energy by polar molecules and 
differs significantly from conventional heating methods that are based on heat transfer. 
This internal heating may be responsible for a more effective breakdown of the H–bond 
network between the microfibrils, although care must be taken because heating occurs 
very rapidly and can easily lead to pyrolysis of the biopolymer. [2.109] The sonication-
assisted IL treatment of cellulose does not seem to significantly influence the dissolution 
process. [2.108] Other additional factors influencing the dissolution are the DP of the 
biopolymer and maybe the most important, the solvent’s structure. [2.104] Several cations 
have already been studied and the most successful cations for cellulose dissolution are 
based on methylimidazolium and methylpyridinium core structures, with allyl-, ethyl-, or 
butyl- side chains (the short-ones). Even numbers of carbon atoms in the side chain are 
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more favorable for cellulose dissolution than odd numbers. [2.110] The maximum 
dissolution power is reached with the butyl side chain, and it was reported that OH–groups 
in the side chain can enhance cellulose solubility. [2.109] This can be explained by   the 
additional polarity in the heteroatomic substituents on the imidazolium ring. Imidazolium 
ILs with side chains containing double bonds can show reduced viscosity. The same effect 
is observed if one of the alkyl chain carbon atom is replaced by an oxygen atom, although 
those ILs do not tend to dissolve cellulose. [2.111-2.112] The most promising IL anions for 
cellulose dissolution are chloride, acetate, and formate. 13C and 35/37Cl NMR relaxation 
studies indicate that there is a stoichiometric interaction between the chloride anions and 
the cellulose OH–groups. [2.113] It is thought that both anions and cations are involved in 
the dissolution process and figure 2.4 shows the proposed interaction between PIL ions 
and cellulose during dissolution. [2.109] The oxygen and hydrogen atoms of the cellulose 
form electron donor–electron acceptor complexes. It has been suggested that this occurs 
primarily in the OH–groups at positions C3 and C6 of neighboring cellulose chains, 





Figure 2.4. Proposed interaction between a PIL [BH][A] and cellulose chains during the dissolution of the 
biopolymer. 
 
It was already investigated the interactions of IL cations using low DP 
cellooligomers as simplified cellulose model systems. [2.116] It was proposed that 
[EMIM]Ac forms a covalent bond between the C1 carbon of the glucose unit and the C2 
carbon of the imidazolium core, because NMR studies showed previously that the C1 
carbon signal of the glucose unit disappeared after dissolution in [C2mim]Ac. Ebner et al. 
verified this hypothesis by means of labeling experiments with 13C isotopes or fluorescence 
markers, suggesting the formation of a covalent bond between the C2 carbon of 1-alkyl-
3-methyl-imidazolium ILs and the reducing end of cellulose. [2.117] Unexpectedly, this 
was not the case when the oligomer was dissolved in [C2mim]Cl. [2.116] Considering that 
the suggested bond formation between the IL and cellulose is base-catalysed, the 
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presence of residual imidazolium impurities in the IL could be a possible explanation for 
this observation. Another reason for this phenomenon might be the proposed H–bond 
network within [C2mim]Cl, as this would result in a saturated coordination sphere of the 
cation. [2.116-2.117] Leipner et al. studied the dissolution of cellulose in molten salt 
hydrates and concluded that an unsaturated coordination sphere of the cation is necessary 
to interact successfully with the cellulose. [2.118] Though, the similar dissolution power for 
cellulose of both ILs, [C4mim]Cl and [C2mim]Cl, does not agree with those conclusions. It 
has been suggested that dissolved cellulose can exist in many different states, depending 
on the solvent and some other factors. [2.90, 2.114] Varying dissolution states of cellulose 
are another possible reason for the differing reactivity of IL cations with regard to cellulose. 
[2.102]  
Figure 2.5. presents the structure of an analogous IL, but with a different anion, 
binding covalently to the oligomer.  
 
  
Figure 2.5. Structure proposed for the covalent binding of [EMIM]Ac to cellooligomer. Adapted from source 
[2.92]. 
 
Impurities and other sort of contaminations can also influence the cellulose 
dissolution ability of an IL. It has been shown that a mass fraction (w) of water of 0.01 in 
[C4mim]Cl is sufficient to prevent and alter the dissolution of the biopolymer. [2.108] High 
pressures of (0.2 to 0.9) MPa can help the dissolution process and adding co-solvents can 
either reduce the dissolution rate (e.g. with carbon disulfide) or decrease the viscosity of 
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2.2.3. Biomass conversion 
 
The conversion of cellulose and lignin into useable biomass requires the dissolution 
and hydrolysis of the biopolymers into smaller fragments. ILs have been shown to be 
capable of dissolving cellulose, and some general characteristics of the cation and anion 
likely to lead to dissolution have been identified. Specifically, good cation characteristics 
are “an aromatic heterocycle with delocalized positive charge” and a second heterocycle 
atom in the aromatic ring that results in a dipolar character of the cation. [2.123] For the 
anion, the promising characteristics are “small-sized H-bond acceptors, substituents that 
should neither be bulky nor hydrophobic, and the ability to offer several H-bond acceptor 
sites.” [2.123] The use of ILs in the pre-treatment of lignocellulosic biomass was reviewed 
in 2013, [2.124] and while there were many ILs that were useful, some factors, like: the 
cost, difficulty to recycle, and viscosity were identified as challenges to the use of ILs at an 
industrial scale. [2.124] Protic ILs have the key benefit, as compared to their aprotic 
counterparts, of being simple to synthesize and generally much cheaper. In particular, the 
PIL [C4im] HSO4 was compared to the effective lignocellulose dissolving aprotic IL [C4mim] 
HSO4.. [2.125] Nonstoichiometric proportions of the [C4im] HSO4 between acid-rich and 
base-rich compositions modified the final products whereas slightly acid-rich compositions 
led to increased glucose yields, highly acid-rich compositions were detrimental to the 
overall process. The presence of water was essential for a good digestion of the cellulose. 
[2.125] 
Few other PILs have been reported which are capable of dissolving these 
biopolymers. The PIL of [CH3im] Cl dissolved cellulose and was also able to support 
cellulase enzymes with good hydrolysis rates, although not as good as the aprotic IL of 
tris(2-hydroxyethyl)methylammonium methylsulfate (HEMA). [2.126] PILs consisting of the 
CH3im cation paired with the anions of Cl, Br, hydrogen sulfate, and BF4 were able to 
degrade lignin through hydrolysis of the β-O4 ether linkage. [2.127] The IL [CH3im] Cl was 
found to be a better solvent for corn straw and soybean straw lignocellulosic materials than 
the PILs consisting of [CH3im] with acetate, H2PO4-, or HSO4-. [2.128] [CH3im] HSO4 was 
used in an optimization study to isolate cellulose and other components from the 
lignocellulosic feedstock of sugarcane bagasse. [2.129] The PIL was used as a catalyst to 
hydrolyze the filtrate obtained after the cellulose had been removed, resulting in the 
synthesis of furfural. [2.129] There was no correlation identified between the acidity of the 
PILs and their ability to catalyse the hydrolysis. However, the anions that were more 
capable of forming stronger hydrogen bonds had a greater ability to dissolve the biomass 
and to degrade the lignin. [2.127] Triethylammonium methanesulfonate was selected as a 
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low viscosity, high conductivity solvent for dissolving lignocellulosic biomass. [2.130] 
Electro-oxidative cleavage of this solution resulted in a wide range of aromatic fragments. 
The ability of this PIL to dissolve the lignin was attributed to the sulfate component of the 
anion. PILs containing the cations of pyridinium, or pyrrolidinium paired with acetate were 
able to dissolve the lignin to levels greater than 50 wt %, although they were poor solvents 
for cellulose. Though, they are promising solvents for lignin extraction and furthermore 
these PILs can be recycled. [2.131] 
Protic ionic liquids containing the alkanolammonium cations ethanolammonium, 
diethanolammonium, triethanolammonium, propan-1-olammonium, and diallylammonium 
paired with the anions formate, acetate, malonate, and citrate did not dissolve cellulose. 
[2.132] But, ethanolammonium formate and ethanolammonium acetate were both reported 
to be good solvents for dissolving the protein polymer from corn processing, known as 
zein, which is water insoluble. [2.133] Both PILs performed similarly, with up to 20 % zein 
being dissolved at 95 °C, or higher, using microwave radiation. These PILs were proposed 
as economical and environmental alternatives to organic solvents, or to aprotic ILs, such 
as [C4mim] Cl. [2.133] The best dissolution was obtained at 150 °C, although it was 
observed that both PILs boiled at this temperature. Previously, differential scanning 
calorimetry, DSC, studies (with peaks at 192 and 210 °C) were attributed as the boiling 
points of ethanolammonium formate and ethanolammonium acetate, [2.18] so it is 
interesting that the addition of zein significantly lowered the boiling point to less than 150 
°C for these PILs. Both of these PILs, especially ethanolammonium formate, readily form 
an amide through a condensation reaction, and the rate is increased on heating. [2.18] 
Depending on the reaction time used in these experiments, it could be expected that there 
will be an appreciable amount of amide present. Some solvation properties of 
monosaccharides D(+)glucose and D(−)ribose dissolved in an aqueous solution of 3- 
hydroxypropylammonium formate were investigated, as part of an understanding of 
cellulose dissolution in ILs. Overall, the solvation was found to predominantly have ionic 
interactions, which were stronger for the glucose. Parameters related to the taste quality 
of massic volume and apparent massic isentropic compressibility indicated that the sweet 
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3. Synthesis and Characterization 
 
 This chapter summarizes the compounds studied in this research project, the 
synthesis and purification procedures, the posterior characterization by Nuclear magnetic 
resonance (NMR), Fourier-transformed infrared spectroscopy (FTIR) and Differential 
scanning calorimetry (DSC) and the list of the studies performed for each compound. 
 
3.1. Compounds studied 
The compounds studied in this work cover some bases, carboxylic acids, and 
their representative PILs families, figure 3.1. Different combinations of bases and 
carboxylic acids were used to evaluate the effects of structural changes (length of the 
acid’s alkyl chain, symmetry, identity of base and acid, etc.) on the thermophysical 
properties of PILs and their ability for biomass processing.  
The following PIL families were explored: 1,5-diazabicyclo(4.3.0)non-5-ene, 
[DBNH+][A-]; 1,8-diazabicyclo(5.4.0)undec-7-ene, [DBUH+][A-]; triazabicyclodecene, 
[TBDH+][A-]; 1,1,3,3-tetramethylguanidine, [TMGH+][A-] and 1,2-dimethyl-1,4,5,6-
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Table 3.1 presents a summary of the combinations of bases and carboxylic acids 
studied in this work and tables 3.2. to 3.10. present the compounds studied, their 
structural and schematic formula, abbreviation used, molar mass, purity, supplier, and 
the types of studies performed in this work for each of them. 
 
 
Table 3.1. Summary of the combinations of superbases and carboxylic acids studied in this thesis.  











































● ● ● ● ● ● ● ● ● 
DBU 
 
● ● ● ●  ● ● ● ● 
TBD 
 
 ●     ●   
TMG 
 
 ●     ●   
DMTHP 
 
 ● ●   ● ● ● ● 
FCUP 
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Table 3.10. Summary of the protic ionic liquids with different proportions of base and acid studied in this 
work. 
Protic Ionic Liquid 
Base : Acid 
Proportion 
Molar Mass / 
g·mol-1 





3:1 115.88 >99 Synthesized CM 
2:1 111.66 >99 Synthesized CM 
eq (1:1.38) 103.62 >99 Synthesized CM 
1:3 97.49 >99 Synthesized CM 
[DBNH][nHeptCOO] 
 
3:1 129.59 >99 Synthesized CM 
2:1 130.99 >99 Synthesized CM 
eq (1:1.78) 137.20 >99 Synthesized CM 
1:3 139.00 >99 Synthesized CM 
[DBUH][nPrCOO] 
 
3:1 137.49 >99 Synthesized CM 
2:1 130.76 >99 Synthesized CM 
eq (1:1.27) 116.97 >99 Synthesized CM 
1:3 104.78 >99 Synthesized CM 
[DBUH][nHeptCOO] 
 
3:1 150.23 >99 Synthesized CM 
2:1 149.51 >99 Synthesized CM 
eq (1:1.56) 147.34 >99 Synthesized CM 
1:3 146.22 >99 Synthesized CM 
a CM – Calvet microcalorimetry. 
 Molar masses of the protic ionic liquids (proportions) calculated as the proportion of the molar masses of the acid and base. 
 
 
 Table 3.10 presents a summary of the studied PILs with different base:acid 
proportions and the studies performed. The molar masses were calculated as the sum of 
the proportions of the molar masses of the acid and the base.  
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3.2. Synthesis and purification 
 
3.2.1. Synthesis procedure  
  
The general synthetic procedure involves the exothermic neutralization of base 
with a stoichiometric amount of different acids. The neutralization reaction is given by the 
following equation:  
 
B + HA ↔ [BH][A]      (3.1) 
 
The synthesis of [DBUH][MeCOO] is described here and a similar procedure has 
been used for the other PILs. 15 mL (0.10 mol) of DBU was taken into a 500 mL triple 
necked round bottomed flask, fitted with a pressure equalizing dropping funnel in a water 
bath. An equimolar amount (stoichiometric quantity) 5.9 mL (0.10 mol) of acetic acid was 
added dropwise through a dropping funnel under a nitrogen atmosphere N2 (g) and 
under constant stirring. After completion of acid addition, the mixture was stirred for 24 h 
under nitrogen atmosphere. All the compounds were used as purchased and were kept 
under nitrogen atmosphere to avoid the contamination with CO2 and H2O.  
Figure 3.2 shows the typical experimental assembly, adopted in the synthesis of 
the PILs studied. 
 
 
Figure 3.2. Image and schematic representation of the synthesis assembly. 
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In order to remove the unreacted reactants (if any) and moisture from the PIL, 
high vacuum was applied for about 24 h. A dried pale-yellow color and viscous liquid was 
obtained, which was characterized by 1H and 13C NMR spectroscopic techniques. The 
non-stoichiometric PIL mixtures were prepared in an analogous way, by mixing the 
respective quantities of acid and base. 
 
Table 3.11 summarizes the yields (%) obtained for the compounds synthesized.  
 
Table 3.11. Summary of the yield (%) of the relevant synthesized compounds. 
Compound Yield (%) *  Compound Yield (%) * 
[DBNH][MeCOO] (1:1) 94 [DBUH][nPrCOO] (eq) 64 
[DBNH][EtCOO] (1:1) 93 [DBUH][nPrCOO] (1:3) 81 
[DBNH][nPrCOO] (1:1) 93 [DBUH][nButCOO] (1:1) 67 
[DBNH][nPrCOO] (3:1) 92 [DBUH][nPentCOO] (1:1) 81 
[DBNH][nPrCOO] (2:1) 94 [DBUH][nHexCOO] (1:1) 76 
[DBNH][nPrCOO] (eq) 81 [DBUH][nHeptCOO] (1:1) 79 
[DBNH][nPrCOO] (1:3) 91 [DBUH][nHeptCOO] (3:1) 86 
[DBNH][nButCOO] (1:1) 91 [DBUH][nHeptCOO] (2:1) 82 
[DBNH][nPentCOO] (1:1) 93 [DBUH][nHeptCOO] (eq) 65 
[DBNH][nHexCOO] (1:1) 94 [DBUH][nHeptCOO] (1:3) 71 
[DBNH][nHeptCOO] (1:1) 92 [DBUH][iPrCOO] (1:1) 83 
[DBNH][nHeptCOO] (3:1) 93 [TBDH][EtCOO] (1:1) 91 
[DBNH][nHeptCOO] (2:1) 92 [TBDH][nPentCOO] (1:1) 85 
[DBNH][nHeptCOO] (eq) 83 [TMGH][EtCOO] (1:1) 93 
[DBNH][nHeptCOO] (1:3) 85 [TMGH][nPentCOO] (1:1) 64 
[DBNH][iPrCOO] (1:1) 91 [DMTHPH][EtCOO] (1:1) 83 
[DBNH][FPrCOO] (1:1) 87 [DMTHPH][nPrCOO] (1:1) 90 
[DBUH][MeCOO] (1:1) 77 [DMTHPH][nButCOO] (1:1) 86 
[DBUH][EtCOO] (1:1) 87 [DMTHPH][nPentCOO] (1:1)  87 
[DBUH][nPrCOO] (1:1) 89 [DMTHPH][nHexCOO] (1:1) 86 
[DBUH][nPrCOO] (3:1) 89 [DMTHPH][nHeptCOO] (1:1) 82 
[DBUH][nPrCOO] (2:1) 86   
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The laboratory was equipped with a drying installation suitable for the small-scale 
routine purification of protic ionic liquids. It was used in the course of this thesis. This 
apparatus has the possibility of simultaneous by drying four different protic ionic liquid 
samples. The system consists of customized schlenk, a specific temperature in an 
aluminum block. The customized Schlenk flasks are based on a tube shape (external 
diameter 17 mm, internal diameter 13 mm) fitted with a vacuum greaseless valve (J. 
Young Right Angel Taps) and a male joint (B 19/26, diameter = 19 mm and height = 26 
mm), allowing easier sample manipulation and avoiding contamination with grease. The 
Schlenk flask is covered with a female glass cap and was designed for small-scale 
purification/drying of samples (3 cm3), with sufficient free space to avoid bumping of the 
sample to the glass cap and the vacuum valve. The image and the schematic 















Figure 3.3. Image and schematic representation of the Schlenk flask. (adapted from source [3.1]) 
 
The cylindrical aluminum block (diameter = 100 mm and height = 100 mm) is 
heated by a customized electrical heater (100 watts at 230 VAC, "Resisterma", 8 mm 
external diameter, 50 mm heating length), placed in the center of the block. The 
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receives information of a thermistor, located near to the electrical heater, as presented 




Figure 3.4. Figure and schematic representation of the temperature-controlled aluminum block of the drying 
apparatus. a - aluminum block; b - Schlenk flask cavity; c - electrical heater cavity; d - electrical heater; e - 
temperature sensor cavity; f - thermistor for temperature monitoring and control. (adapted from source [3.1])  
 
 
The aluminum block is on top of a magnetic stirring plate, which enables constant 
stirring (Teflon coated spherical magnetic stirring ball, the diameter of 8 mm) of the protic 
ionic liquid during the drying process. The system is connected to a glass/aluminum 
vacuum line already assembled in our laboratory. The vacuum pumping system is based 
on a dual stage rotary vane vacuum pump (Edwards model E2M8), reaching a final 
pressure of purification lower than 100 Pa.  
All protic ionic liquids were dried under vacuum at a moderate temperature (≈298 
K) and constant stirring, and with molecular sieves (3 Å) in order to reduce the presence 
of water, gases or other volatile impurities. This process was performed systematically 
before and during the thermophysical measurements. The purity of each ionic liquid after 
drying was evaluated by FTIR, and 1H, 13C, and 19F NMR. No impurities were detected 
for all ionic liquids, and the mole fraction purity was considered to be at least the purity of 
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3.3. Characterization  
 
3.3.1. Fourier transform infrared spectroscopy - FTIR 
Fourier Transform Infrared Spectroscopy is a spectroscopic technique used to 
obtain an infrared spectrum of absorption, emission, photoconductivity or Raman 
scattering of a solid, liquid or gas. [3.2] A FTIR spectrometer simultaneously collects 
spectral data in a wide spectral range. This confers a significant advantage over a 
dispersive spectrometer, which measures intensity over a narrow range of wavelengths 
at a time. FTIR has made dispersive infrared spectrometers obsolete (except for some 




The FTIR measurements were performed using a Perkin-Elmer FTIR Spectrum 
BX II spectrometer (figure 3.5), equipped with a GladiATR diamond crystal ATR 
sampling accessory with temperature control (from 298 K to 470 K). A total of 30 scans 
were taken for several protic ionic liquids studied in this work. The spectrum resolution 
was 4 cm-1 and all the FTIR spectra were recorded at T = 298 K. The software package 
Spectrum v5.3.1 from Perkin Elmer was used in the data acquisition and spectral 
analysis. The results are presented as supporting information in Annexes. As an 







Figure 3.5. View of the FTIR instrument used in this work (Perkin-Elmer FTIR, model Spectrum BX II-FTIR). 
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Figure 3.6. Example of a FTIR spectrum obtained for DBN superbase, at T = 298 K.  
 
 
The FTIR measurements were useful to structurally characterize the PILs and 
understand how much and how easily they absorb and release H2O and CO2. The 
obtained results, presented in Annex A, were mostly used to check for the presence of 
impurities in the PILs studied (e.g. H2O and CO2).  
58 FCUP 
Chapter 3 – Synthesis and Characterization 
 
3.3.2. Nuclear magnetic resonance – NMR  
 
NMR spectroscopy is a useful technique to structurally characterize organic and 
inorganic compounds. It is a very powerful tool for the characterization of the PILs 
studied and has a special place among the most important characterization techniques in 
Chemistry. [3.5] The principle behind NMR is that many nuclei have spin and all nuclei 
are electrically charged. If an external magnetic field is applied, an energy transition is 
possible from the fundamental to a higher energy level (generally a single energy gap). 
The transition takes place at a wavelength that corresponds to radio frequencies and 
when the spin returns to its ground-state, energy is emitted at the same frequency. The 
signal that matches this transition is measured and processed in order to yield an NMR 
spectrum for the nuclei under study. This technique was used to study the speciation in 





Unless otherwise noted, the 1H and 13C NMR spectra of the pure samples 
and of the samples dissolved in CDCl3 were recorded on a Bruker Avance 300 
[operating at 300.13 MHz (1H), 75.47 MHz (13C)] spectrometer, at T = 298 K, using 
TMS as an internal reference. The results confirm the ionic character of the PILs; 
their base:acid compositions, and show no detectable amount of impurities. The 
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3.4. Additional materials 
 
The experimental measurement techniques used in this work were calibrated and 
tested against recommended standards. The summary of the standards and test 
compounds is listed in table 3.12.  
 
Table 3.12. Standards and test compounds, apparatus, and purpose. 
Compound Supplier Technique Purpose 
1,3,5-triphenylbenzene Sigma-Aldrich KNQ Test 
Sapphire (-aluminum 
oxide) 











Ferrocene Sigma-Aldrich Calvet Calibration 
Undecane Sigma-Aldrich Calvet Calibration 
KNQ - Knudsen effusion quartz crystal microbalance.  
 
The Knudsen effusion method combined with a quartz crystal microbalance 
apparatus was tested using 1,3,5 - triphenylbenzene (Sigma–Aldrich). The compound 
was purified by vacuum sublimation. The heat capacity drop calorimeter was calibrated 
with the reference materials [3.7], water and -aluminum oxide. The sample of -
aluminum oxide was dried at T = 423 K. The calorimeter was tested with benzoic acid - a 
primary reference material (NIST Standard Reference Material 39j), was used after 
drying under reduced pressure (at 300 K; p < 10 Pa; 24 h). The calvet calibration was 
made using ferrocene (Sigma-Aldrich) and undecane (Sigma-Aldrich). The purity of all 
compounds was checked by gas chromatography, using an HP 4890 apparatus 
equipped with an HP-5 column, cross-linked, 5% diphenyl and 95% 














[3.1] Rocha, M. A. A., Thermodynamic Properties of Ionic Liquids 2013, PhD Thesis, 
Porto, Portugal. 
[3.2] Ribeiro da Silva, M. A. V.; Ferrão, M. L. C. C. H.; Lopes, A. J. M., J. Chem. 
Thermodyn. 1993, 25, 229. 
[3.3] Kirshna, G. M. et al, Int. J. Pharm. 2013, 3, 396-402. 
[3.4] Saraswathi, M. et al, Int. J. ChemTech 2012, 4, 1343-1349. 
[3.5] Shen, M.; Zhang, Y.; Chen, K.; Che, S.; Yao, J.; Li, H.; J. Phys. Chem. B 2017, 
121, 6, 1372-1376. 
[3.6] Meija, J.; Coplen, T. B.; Berglund, M.; Brand, W. A.; De Bie`vre, P.; Groning, M.; 
Holden, N. E.; Irrgeher, J.; Loss, R. D.; Walczyk T. and Prohaska, T., Pure Appl. Chem. 
2016, 88, 265–291. 
[3.7] Sabbah, R.; Xu-wu, A.; Chickos, J. S.; Leitão, M. L. P.; Roux, M. V.; Torres, L. A. 


















Basis functions, sets and functionals 
Geometry optimization and frequency calculations 
Accessible Surface Area - ASA 




















Chapter 4 – Quantum Chemical Calculations 
63 
 
4. Quantum Chemical Calculations 
 
 Chapter 4 was designed and organized to support the experimental work 
presented in the next chapters to complement the energetic study of several PILs. For 





Computational chemistry is a branch of chemistry that uses the principles of 
computer science in the determination of some properties to aid in the resolution of 
chemical problems. Some examples of properties determined through quantum 
chemistry calculations include molecular and atomic structure, absolute and relative 
energies, charge distribution, vibrational frequencies, spectroscopic properties, among 
others. In this work, several properties were determined, and, in this chapter, the results 
will be presented and discussed. There are different methodologies that can be used in 
quantum chemical calculations. The three most known are ab initio, semi-empirical or 
empirical, and the one based on density functional theory. The ab initio (meaning “from 
the beginning”) methodology is based on quantum mechanics, does not include 
empirical parameters, is mathematically rigorous and it’s based on wave functions. This 
method has some important advantages: can be used on every type of system, does not 
depend on experimental data, and allows the calculation of transition and excited states. 
But, it also has a great disadvantage: it’s computationally demanding.  
Density functional theory (DFT) is a computational quantum mechanical modeling 
method used in physics, chemistry, and materials science to investigate the electronic 
structure (principally the ground state) of many-body systems, in particular atoms, 
molecules, and condensed phases. Using this theory, the properties of a many-electron 
system can be determined by using functionals, i.e. functions of another function, which 
in this case is the spatially dependent electron density. Hence the name density 
functional theory comes from the use of functionals of the electron density. The main 
advantages of DFT are: it includes an approximate treatment of electronic correlation; 
less computationally demanding when compared to ab initio, and the “quality” is similar; 
allows the calculation of transition states. Some disadvantages are: less rigorous than 
most ab initio methods; does not allow to systematically improve the results and poorly 
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describes dispersive interactions. Nowadays, some improved DFT methods are able to 
calculate excited states and describe satisfactorily dispersive interactions.  
 The semi-empirical and empirical methodology is the less computationally 
demanding of the three and allows the calculation of transition and excited states but 
requires the input of experimental data or data from previous ab initio or DFT 
calculations. It is also less rigorous than the other two methodologies and it is based on 
several approximations in various stages of the calculations. The present work uses not 
only the DFT methodology to study the different bases, acids and protic ionic liquids, but 
also one method derived from ab initio, the Moller-Plesset perturbation theory of second 
order (MP2). 
 
4.1.1. Basis functions, sets, and functionals 
 
Three different computational methods were employed in this work; for each of 
them the limitations with more relevance to this work are [4.1]:  
• B3LYP – it is not a pure ab initio method; the exchange/correlation functionals 
cannot describe dispersive interactions, which derive from electron correlation at 
long range; 
• M06-2X – it is a highly nonlocal functional that’s parametrized only for 
nonmetals; 
• MP2 – it is not variational; correlation energy is accounted for by only one 
corrective term; relatively computationally expensive. 
 
However, knowing in advance the limitations of a given computational method 
can sometimes furnish good indications about the factors affecting energetics. For 
instance, if an Hartree-Fock or B3LYP result points to molecular destabilization relative 
to an experimental result, the cause for that error may well be related with the existence 
of a significant dispersive interaction and/or extensive electronic delocalization. Since 
DFT needs functionals to calculate the properties, several approaches have been 
designed to improve the results obtained with this method. The two most popular 
functionals are known as BLYP (from the name Becke for the exchange part and Lee, 
Yang and Parr for the correlation part) and B3LYP, which are hybrid functionals in which 
the exchange energy, in this case from Becke's exchange functional, is combined with 
the exact energy from Hartree–Fock theory. In B3LYP, along with the component 
exchange and correlation funсtionals, three parameters define the hybrid functional, 
specifying how much of the exact exchange is “mixed in”. Unfortunately, although the 
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results obtained with these functionals are usually sufficiently accurate for most 
applications, there is no systematic way of improving them. Hence in the current DFT 
approach, it is not possible to estimate the error of the calculations without comparing 
them to other methods or experiments. [4.2] Møller–Plesset perturbation theory (MP) is 
one of several quantum chemistry post-Hartree–Fock ab initio methods in the field of 
computational chemistry. It improves on the Hartree–Fock method by adding electron 
correlation effects by means of Rayleigh–Schrödinger perturbation theory (RS-PT), 
usually to the second (MP2), third (MP3) or fourth (MP4) order. Its main idea was 
published as early as 1934 by Christian Møller and Milton S. Plesset. [4.3] 
A basis set is a group of functions that are combined in linear combinations to 
create atomic and molecular orbitals. For convenience these functions are typically 
atomic orbitals centered on atoms but can be any combination of functions that produce 
a good description of a molecular orbital; plane waves are frequently used in bulk 
materials calculations. [4.4-4.6] 
In quantum chemistry, calculations using finite basis sets are susceptible to basis 
set superposition error (BSSE). As the atoms of interacting molecules (or of different 
parts of the same molecule - intramolecular BSSE) [4.7-4.8] approach one another, their 
basis functions overlap. Each interacting fragment "borrows" functions from the other, 
effectively increasing its basis set and impacting on the calculation of derived properties 
such as energy. If the total energy is minimised as a function of the system geometry, 
the short-range energies from the mixed basis sets must be compared with the long-
range energies from the unmixed sets, and this comparison introduces an error. Other 
than using infinite basis sets, two methods exist to eliminate the BSSE. In the Chemical 
Hamiltonian Approach (CHA), [4.9-4.10] basis set mixing is prevented à priori, by 
replacing the conventional Hamiltonian with one in which all the projector-containing 
terms that would allow mixing have been removed. In the counterpoise method (CP), 
[4.11-4.13] the BSSE is calculated by re-performing all the calculations using the mixed 
basis sets, and the error is then subtracted à posterior from the uncorrected energy. The 
mixed basis sets are realised by introducing "ghost orbitals", basis set functions that 
have no electrons nor protons. [4.8] Though conceptually very different, the two methods 
tend to give similar results. [4.14] It has, however, been shown that the error is often 
larger when using the CP method since the central atoms in the system have much 
greater freedom to mix with all of the available functions compared to the outer atoms. In 
the CHA model, those orbitals have no greater intrinsic freedom and therefore the 
correction treats all fragments equally. [4.15] The errors inherent to either BSSE 
66 FCUP 
Chapter 4 – Quantum Chemical Calculations 
 




4.1.2. Geometry optimization and frequency calculations 
 
For the compounds included in the computational study, full geometry 
optimizations, with no symmetry restrictions, were performed at the MP2/cc-pVDZ, M06-
2X/6-311++G(d,p)  and B3LYP/6-311++G(d,p) levels of theory. The optimization of each 
compound was made independently from the others. After the geometry optimization, the 
vibrational frequencies were calculated using the levels of theory previously described. 
These values were then corrected using the scaling factors proposed by Radom et al. 
[4.17-4.19]  
 
Table 4.1. Applied anharmonicity scaling factors for the correction of the vibrational frequencies for the 
calculation of the selected parameters considering different quantum chemical models. 
Model/basis set ZPE H0(T) S0(T) Cp0(T) 
B3LYP/6-311++G(d,p) 0.9887 1.0102 1.0161 0.9688 
M06-2X/6-331++G(d,p) 0.9700 0.9440 0.9440 0.9830 
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4.1.3. Accessible Surface Area – ASA 
 
The accessible surface area (ASA) or solvent-accessible surface area (SASA) is 
the surface area of a molecule or biomolecule that is accessible to a solvent. 





Figure 4.1. Illustration of the solvent accessible surface in comparison to the van der Waals surface. The 
van der Waals surface as given by the atomic radii is shown in red. The accessible surface is drawn with 




ASA was first described by Lee & Richards in 1971 and is sometimes called 
the Lee-Richards molecular surface. [4.20] ASA is typically calculated using the 'rolling 
ball' algorithm developed by Shrake & Rupley in 1973. [4.21] This algorithm uses a 
sphere (of solvent) of a particular radius to 'probe' the surface of the molecule, as 
illustrated in figure 4.1. 
Figure 4.2. presents an example of the obtained ASA for the optimized geometry 
of [DBNH][EtCOO]: 
 
Figure 4.2. Accessible surface area, ASA, for the optimized geometry of [DBNH][EtCOO], at the B3LYP/6-
311++G(d,p) level of theory, probe radius = 1.4 Å. 
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The Shrake-Rupley algorithm is a numerical method that draws a mesh of points 
equidistant from each atom of the molecule and uses the number of these points that are 
solvent accessible to determine the surface area. [4.21] The points are drawn at a water 
molecule's estimated radius beyond the van der Waals radius, which is effectively similar 
to ‘rolling a ball’ along the surface. All points are checked against the surface of 
neighbouring atoms to determine whether they are buried or accessible. The number of 
points accessible is multiplied by the portion of surface area each point represents to 
calculate the ASA. The choice of the 'probe radius' does have an effect on the observed 
surface area, as using a smaller probe radius detects more surface details and therefore 
reports a larger surface. A typical value is 1.4 Å, which approximates the radius of a 
water molecule. Another factor that affects the results is the definition of the VDW radii of 
the atoms in the molecule under study. For example, the molecule may often lack 
hydrogen atoms which are implicit in the structure. The hydrogen atoms may be implicitly 
included in the atomic radii of the 'heavy' atoms, with a measure called the 'group radii'. 
In addition, the number of points created on the van der Waals surface of each atom 
determines another aspect of discretization, where more points provide an increased 
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4.2. Results and discussion 
 
 The proton affinity of an anion or of a neutral atom or molecule is the negative of 
the enthalpy change in the reaction between the following species in the gas phase: 
 
A- + H+ → HA 
B + H+ → BH+ 
 
These reactions are always exothermic in the gas phase, i.e. energy is released 
when the reaction advances in the direction shown and enthalpy is negative, while the proton 
affinity is positive. 
 
Table 4.2. Proton affinities for the bases considered in this work, at the B3LYP/6-311++G(d,p), M06-2X/6-
311++G(d,p) and the MP2/cc-pVDZ levels of theory. 
Compound 
Proton affinity / kJ.mol-1
 
B3LYP M06-2X MP2 
DBN + H+ ↔ DBNH+ 1039 1029 1035 
DBU + H+ ↔ DBUH+ 1047 1034 1038 
TBD + H+ ↔ TBDH+ 1058 1050 1057 
TMG + H+ ↔ TMGH+ 898 888 907 




 The proton affinities for the optimized geometries of the superbases studied in 
this work are calculated using the equation 4.1: 
 
Proton affinity = (H298.15 (DBN) + H298.15 (H+)) - H298.15 (DBNH+) (4.1) 
 
 The results are presented in table 4.2. As can be seen the proton affinity of TBD 
is the highest and TMG the lowest the order, being: TBD > DBU > DBN ≥ DMTHP > 
TMG. Although DBN is also considered an organic superbase, it is not clear if DMTHP is 
a weaker base. To clarify this, the relative basicity of DMTHP, DBN and DBU was also 
studied by recording the 1H NMR spectra of the DBN:DBU:EtCOOH (1:1:1) and 
DMTHP:DBN:FEtCOOH (1:1:1) mixtures in CDCl3. According to the literature, DBU is the 
strongest base in acetonitrile and gas phase. [4.22] 
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For these three bases both experiment and theory indicate the following order of 
base strength: DBU > DBN ≈ DMTHP. 
 
 




Figure 4.3. Base strength of the studied superbases: DBU > DBN ≈ DMTHP. 
  
 
The electronic energies concerning the trimers were calculated in this work in 
order to explore the interactions that the neutral acid or base can establish with the ion 
pair. (see figure 4.4) 
 
 




Table 4.3 presents the electronic energies, Eint, uncorrected and corrected for 
BSSE by the counterpoise method. Not only for the gas phase complexes formed 
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Table 4.3. Electronic energies, Eint, uncorrected and corrected for BSSE by the counterpoise method, for the 
gas phase complexes formed between the PIL ion pair and a neutral molecule of acid or base, calculated at 
the M06-2X/6-311++G(d,p) level of theory. Values in Hartrees. 
Species Eel (uncorrected) Eel (BSSE corrected) 
[DBNH][CH3COO]···CH3COOH −841.57260 −841.57146 
[DBNH][CH3COO]···DBN −995.90485 −995.90277 
[DBNH][CF3COO]···CF3COOH −1437.04506 −1437.04316 
[DBNH][CF3COO]···DBN −1293.64514 −1293.64284 
        Note: 1 Hartree = 2625.5 kJ.mol-1 
 
It can be said that to some preferred interaction the neutral carboxylic acids 
establish with the PIL ion pairs, arising from their ability as hydrogen bond donors. This 
hypothesis was evaluated by calculating the interaction energies at T = 0 K, ΔEint, 
(corrected for BSSE by the counterpoise method) [4.23-4.24] for the M06-2X/6-
311++G(d,p) [4.25] optimized intermolecular complexes formed between the PIL ion 
pairs [DBNH][CH3COO] and [DBNH][CF3COO] with an additional molecule of neutral 
acid or base (tables 4.3 and 4.4). This model was considered because it is the simplest 
for which the derived ΔEint is expected to capture the major energetic contributions for 
the interactions between the neutral form of the acid or the base and the ion pair. 
 
 
Table 4.4. Interaction energies, ΔEint, corrected for BSSE by the counterpoise method, [4.23-4.24] between 
the PIL ion pair and a neutral molecule of acid or base, calculated at the M06-2X/6-311++G(d,p) level of 
theory.a 









The computational results confirm the stronger interaction between the ion pair 
and the neutral acid, which is explained by the establishment of a hydrogen bond 
between the two carboxylic moieties, as can be seen in figure 4.4. This explains the 
excess of acid observed at the azeotrope of most PILs. In the case of the PILs with 
fluorinated acids, although the interaction of the acid with the ion pair is stronger, the 
extent of the acid-base equilibrium is higher and reduces the fraction of neutral species 
to negligible amounts.  
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  The distance between the acid and the superbase, in the optimized geometry, 
was evaluated. According to figure 4.6, the carboxylic acids prefer DBU when compared 
to DBN and DMTHP superbases. This is expected if taking into account the strength of 
the superbases. For DBN and DBU-based PILs, smaller acids are closer to the 
superbase, but for DMTHP-based PILs, the size of the acid seems quite irrelevant. 
 Figures 4.5 and 4.6 presents the distances between the -OH and =O group of the 
different acids and the superbases and how they were calculated at the B3LYP/6-
311++G(d,p) level of theory. The other results concerning the distances between acids 





Figure 4.5. The distances between the -OH and =O group of propionic acid to the superbase DBN as 
calculated at the B3LYP/6-311++G(d,p) level of theory. 
 
  As can be seen in figure 4.6, the distance between the -OH group of the 
carboxylic acid to the N atom of the superbase varies with the different families of PILs. 
As expected, for stronger superbases the distance is shorter. The observed 
variation/trendshift with the carboxylic acid chain length in n = 4 and 5 must be seen with 
precaution. These calculations were made with care but all the possible geometries and 
configurations between the acid and base were not explored, so further and extensive 
work needs to be done to reach such a higher conclusion – trendshift exists.  
The ASA was calculated for all PILs and increases linearly with the 
increase of the size of the acid, see figure 4.7. DBU-based PILs are the PILs with 
larger ASA and so, it is suggested, also taking into account the stronger basicity of 











Figure 4.6. The distance between the -OH group of the carboxylic acid to the N atom of the superbase as a 
function of the chain length of the acid (n is the total number of carbon atoms in the acid) in each protic ionic 
liquid. (calculated at the B3LYP/6-311++G(d,p) level of theory). DBN-based protic ionic liquids – blue circles, 





Figure 4.7. Accessible surface area, ASA for the optimized geometries as a function of the chain length of 
the acid (n is the total number of carbon atoms in the acid) in each protic ionic liquid. (calculated at the 
B3LYP/6-311++G(d,p) level of theory with probe radius = 1.4 Å). DBN-based protic ionic liquids – blue 
circles, DBU-based protic ionic liquids – red diamonds and DMTHP-based protic ionic liquids – green 
triangles.  
 
The acid-base and ion pair equilibria in the gas phase of the PILs studied 
were evaluated by quantum chemical calculations. The speciation of these PILs in 
the gas phase may comprise the ion pair, isolated charged species and isolated 
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neutral species in varying proportions, as depicted in figure 4.8. All theoretical 
methods agree on the relative magnitude of the three gas phase reactions (R1, R2 
and R3), and their dependence with the base and the acid. The results are 




Figure 4.8. Schematic representation of reactions and species that may exist in the gas phase of PILs and 
their participation in acid-base and ion pair equilibria; the PIL [DBNH][MeCOO] is shown as an example. 
 
 
According to the obtained results, the ion pair is the enthalpically preferred 
species in all PILs. It can also be observed that, as expected, the isolated ions are 
significantly less stable, see table B.8 in Annex B. Hence, it can be concluded 
that, in the gas phase, the PILs exist mostly as a distribution of ion pair and 
isolated neutral species (R3 equilibrium). However, depending on the conditions of 
temperature and pressure, −T·ΔS can be high enough to overcome ΔH and shift 
the R3 equilibrium in the direction of the separated neutral species. The results 
suggest that, as indicated by the calculated ΔHr for R1, [DBNH]+ has a slightly 
stronger intermolecular interaction with the acids in the ion pair than [DBUH]+. 
However, this is somewhat compensated by the stronger basicity of DBU, which 
makes R2 less exothermic for DBU than for DBN. The combination of these 
effects results in an ion pair equilibrium, as translated by R3, which, in enthalpic 
terms, has virtually no dependence with the acid and shows a slightly higher 
tendency of the DBN PILs to be as ion pairs.  
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5. Phase Behavior and Heat capacities of Protic Ionic 
Liquids 
 
 In this chapter, the phase behavior and heat capacities (at 298.15K and at 
different temperatures) of several PILs are presented and discussed considering the 
effect of the base and acid. The main purpose of this study was to find some trends 
exploring the effect of the superbase and the acid. Another goal was to evaluate the 





5.1. Fundamentals  
 
Calorimetric differential analysis allows the direct determination of transition 
temperatures in condensed phases and respective enthalpies, the measurement of 
temperature-dependent properties such as heat capacities, detection of thermal 
decomposition processes, identification of different polymorphic forms, etc, on a vast 
diversity of materials/compounds such as liquid crystals, drugs, biological materials, 
metals polymers, glass and ceramics, ionic liquids, etc. [5.1] In differential measuring 
systems, the calorimeter signal depends on the difference between the responses of a 
reference and a sample to a temperature variation. The most important advantage of 
the differential principle is that disturbances to the system, except for those occurring in 
the sample, affect both the sample and the reference and are compensated by the 
difference between the individual signals. Differential calorimeters are also easy to work 
with, the experiments are quite fast, require small amounts of sample (about 5-10 mg), 
can be performed at temperatures significantly above ambient and allow the study of 
“slow” reactions, which are outside the normal operating range of most adiabatic 
calorimeters. These advantages, however, have some costs in terms of accuracy, 
yielding results usually less accurate than the corresponding measurements by 
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There are two types of differential calorimeters that must be distinguished, 
according to their operation principle: [5.3-5.4] 
The power compensation calorimeters, where the output signal of the 
calorimeter is proportional to the difference between the heat flow rates supplied to the 
sample and the reference in separate furnaces, and the heat flux calorimeters, where 
the temperature gradient between the sample and reference, in the same furnace, is 
directly converted to a potential difference which is proportional to the difference in the 
heat flow rate applied to the sample and to the reference. Differential calorimeters can 
be operated in a dynamic (non-isothermal) mode, where the sample is subjected to 
heating and/or cooling, or in an isothermal mode, in which the temperature is 
maintained constant. As can be seen in figure 5.1, a power compensation calorimeter, 
consists of two identical microfurnaces, thermally decoupled, one containing the sample 
(S) and other the reference (R), each associated to a temperature sensor (1) and a 




Figure 5.1. General schematic representation of a power compensation calorimeter (S. sample furnace; R. 
reference furnace; 1. temperature sensors; 2. heating resistances; 3. sample crucible; 4. reference 
crucible). 
 
The samples are enclosed in crucibles (3), made of high thermal conductivity 
materials (e.g., aluminum, copper), which may or may not be hermetically sealed, 
depending on the type of application/experiment. The selection of the appropriate 
crucibles depends on the characteristics of the sample to be analysed and the 
properties to be determined. The reference crucible generally consists of an empty one 
(4) with a mass as similar as possible to that of the sample crucible. During the 
experiments, a purging gas (e.g., helium, argon, nitrogen) is flowed through the 
furnaces at a constant rate to ensure that the ambient conditions are as uniform as 
possible in all experiments. During a thermal characterization study, the same heating 
power is supplied to both furnaces to change their temperature in accordance with a 
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pre-set heating rate. If there is ideal thermal symmetry between both furnaces, their 
temperature should be/is the same. When thermal asymmetry occurs, after the release 
or consumption of heat due to a certain physical or chemical process/phase change in 
the sample, the system compensates the temperature gradient by adjusting the heat 
flow rate by Joule heating (in the mW range) through a heating resistance. 
 
Phase transition measurements 
 
All known substances can exist in different phases and these phases are the 
result of different atomic or molecular arrangements and dynamics having characteristic 
properties. Transitions between these different states of matter are known as phase 
transitions. [5.5] Phase transitions can be observed by thermal analysis techniques and 
their different behaviors interpreted and associated to different transitions. Different 
peak shapes can be due to different heating\cooling temperature rates. A quick heating 
rate can lead to a sharp and longer peak when compared to a lower cooling rate. When 
a phase transition is detected, a procedure must be performed, so that the 
corresponding phase transition temperature (the onset temperature, Tonset) can be 
reported in a rigorous way. The onset temperature in this work was defined as the 
intersection of the baseline with the peak slope. For the PILs studied, three typical 
phase transitions can be highlighted: 
• Glass transition temperature, Tg, is the midpoint of a small heat capacity change 
on heating from the amorphous glass state to a liquid state.  
• Cold crystallization temperature, Tcc, is the onset of an exothermic peak on 
heating from a subcooled liquid state to a crystalline solid state. 
• Melting point, Tm, was considered as the onset of the endothermic melting peak 





Crystallization occurs when there is formation of solid crystals from a primary 
liquid phase (when cooling the sample). The crystallization process can be divided in 
two more elementary steps: nucleation and nuclei growth. Another form of 
crystallization occurs when the sample is slowly heated above Tg, forming crystalline 
structures – defined as cold crystallization, Tcc [5.6]. Both processes occur from a less 
organized structure, amorphous solid or liquid, to a more organized crystalline structure. 
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An amorphous solid state does not have a characteristic crystal shape. Such samples 
are difficult to crystallize in one step and, in a general way, those compounds possess 
long alkylic side chains that tend to crystallize by steps, due to C-C (carbon-carbon) 
bond rotation. These solid-solid phase transitions occurring before the melting point are 
often referred to as rotator phases, which generally possess plastic properties. [5.7] 
Different peak shapes and areas can be due to different crystallization degrees. 
This can be detected by not having a cold crystallization peak in the first measurement 
and different peak sizes in the following measurements. In the first measurement, since 
the compound is totally crystalline, the heat released/absorved is higher and there is no 
cold crystallization peak. In the second measurement, due to fast cooling, some of the 
sample didn’t have time to crystallize and thus there is a smaller crystallization peak 
and a smal cold crystallization peak from the amorphous crystal fraction. In the last 
measurement, the sample is totally amorphous, and the heat flow signal is 
characterized by only a large cold-crystallization peak. The use of a fast cooling rate 
can result in a sample with many amorphous zones, whereas slow cooling leads to 




A glass transition or liquid-glass transition, Tg, is the reversible transition in 
amorphous materials from a molten or rubber-like liquid state into a hard and relatively 
brittle state and vice-versa. [5.8] This characteristic is important since some ILs only 
show a crystallization peak – cold crystallization - upon heating from low temperatures. 
Usually, the cold crystallization peak can be seen from 20 to 30 temperature degrees 
after the glass transition. Also, some ILs do not crystallize, until the glass transition 
temperature is reached, staying in a supercooled liquid state. [5.9] The transition 
kinetics, mainly governed by the cooling rate (rapid or slow cooling), plays an important 
role, so, in order to obtain reliable thermal phase behavior data, long equilibration times 
and small samples are required. Usually, the Tg can be difficult to determine because it 
can take place over a wide temperature range and is highly dependent on conditions 
such as the measurement method and pressure [5.10]. For 1-alkyl-3-methylimidazolium 
salts, Tg are typically in the region between 203 K and 183 K. [5.11] The Tg can also be 
related with the melting temperature as shown in equation 5.1 (temperature values are 
presented in K):  
 Tg/Tm = 2/3  [5.12]              (5.1) 
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The value presented in equation 5.1 is the most common value found in 
literature for AILs families. For most of the PILs studied in this work the value can 
change and approach the value of equation 5.2:  
  
 Tg/Tm = 3/4                            (5.2) 
 
 This difference arrives from the structure of the IL and their phase transition 
differences. For PILs, generally, the glass transition temperatures are closer to the 




The melting point is the temperature at which, a given pressure, there is a phase 
transition from solid to isotropic liquid. At this temperature, the sample is in solid-liquid 
equilibrium and remains isothermal, until the whole sample is melted. [5.13] In PILs, just 
like in aprotic ILs the melting point is deeply influenced by many factors: [5.14] 
• charge and molecular shape of the anions and cations; 
• dissimilar anion and cation sizes can lead to lower fusion temperatures 
(weaker electrostatic interactions in the crystal lattice);  
• symmetrical components lead to higher fusion temperatures (better 
crystal packing); 



















 Heat capacity is one of the most important thermophysical properties that can be 
used to characterize a substance. It is intimately related to the temperature 
dependence of fundamental thermodynamic functions and consequently essential for 
figuring and interpreting how they change with temperature. Heat capacities are widely 
used in several areas, such as thermodynamics for obtaining entropy and enthalpy 
values, thermochemistry for calculating changes in enthalpies of reaction , and in 
chemical engineering for establishing energy balances. [5.15-5.16]   









,       (5.3) 
 
where  Q is the heat exchanged between the system and the surroundings and  T is 
the change in temperature of the system under the specified conditions, x. Different 
thermodynamic functions for the heat capacity can be found; according to the specified 
conditions:   
1.  heat capacity at constant volume (or isochoric heat capacity), CV 
 
  
      
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   (5.5) 
 













      (5.6) 
The thermodynamic functions U, H, S, A, and G represent the internal energy, enthalpy, 
entropy, Helmholtz, and Gibbs functions, respectively.  
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 The heat capacity of a sample can be measured in a calorimeter that is able to 
measure simultaneously the amount of heat input or output and the temperature 
change in the sample. [5.16-5.19] The measurements can be performed by 
continuously scanning temperature or by stepwise measurements. For the case of 




   
   
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Q T
t t
, and, depending on the conditions, a correction for the instrument 
response may be applied. If the calorimeter response can be expressed by a first-order 
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   (5.7) 
  
 Where ( )
c
/Q t   is the corrected heat rate, ( )
m
/Q t   is the heat rate measured, 
and  is the time constant for the response of the calorimeter and sample to a 
temperature change. In the case of stepwise measurements, a correction for the time 
response is not necessary; however, ∆T must be small, in order to assure the 
differential definition of heat capacity.  
 Differential scanning calorimetry, DSC, is the most common calorimetric 
technique used for heat capacity measurements. Typically, sample volumes of <0.1 cm3 
are used in the DSC. Taking into account that ∆Q is proportional to the sample size, 
larger sample volumes are useful to decrease the relative error in the ∆Q 
measurements. [5.16-5.19] Therefore, DSCs with sample volumes higher than 1 cm3 
and better heat detection limits present advantages. [5.16-5.19] In this method, two 
types of ampoules can be used: sealed ampoules with some vapor space that measure 
the Csat and overflow ampoules that measures the Cp. Obviously, the sealed ampoules 
require a hermetic seal, in order to avoid loss of the sample during the experiment and 
taking into account that the vapor pressure of the sample varies with temperature (the 
measurements give Csat). The overflow ampoule consists of a cylindrical ampoule with a 
filling tube extending outside the calorimeter. [5.16, 5.20] In order to obtain high 
accuracy in the heat capacity measurements using a DSC, a correction for the thermal 
expansion of the ampoule might be required.  
 Another accurate method for heat capacity measurement is based on the 
isoperibol temperature-change calorimetry. Despite not having the temperature range 
or pressure range of the DSC, isoperibol calorimetry works with larger volumes (≥ 25 
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cm3) and allows a very accurate determination of ∆T. [5.16, 5.21] The isoperibol 
temperature-change calorimeter typically consists of a Dewar vessel flask, in which the 
temperature changes are measured with a thermistor (micro-degree resolution), and ∆Q 
is given by an electrical heater submerged in the liquid. [5.16, 5.21] This method 
requires the correction for the heat exchange with the surroundings. This is a complex 
procedure because as the physical size of the reaction vessel decreases, the rate of 
the heat exchange with the surroundings and the reaction time increase. This method is 
not recommended for volatile liquids. [5.15, 5.21] Isothermal flow calorimetry is 
considered the best alternative for measuring the heat capacity at constant pressure 
over a wide temperature range. In this method, no correction for vapor-liquid equilibrium 
is required. Temperature control, careful calibration, and maintenance of the pumps is 
crucial to achieve good accuracy on the measurements. Since viscous liquids present 
difficulties when pumped through the tubing and viscous flow will generate sufficient 
heat to obstruct the measurements, this method is limited to low viscous liquids. For 
measurements of Cp, two methods can be used: 
• the temperature of the input flow is controlled, heat is added to the liquid at a 
constant rate, and the temperature of the output flow is measured; 
• the temperature of the input flow is controlled at a different temperature of the 
isothermal calorimeter, as a result, the output flow is at the calorimeter’s 
temperature.  
 
Drop calorimetry is the simplest method for measuring heat capacities over a 
wide range of temperatures and is used not only for heat capacity measurements but 
also for studies of enthalpies of phase transitions. [5.16, 5.22-5.25] In this method, an 
ampoule containing the sample is moved from an initial temperature to a calorimeter at 
a different final temperature. The applicable temperature range depends on the type of 
heat flow sensors. For high-temperature calorimeters reaching 1300 K, platinum-
platinum/rhodium thermocouples in series are frequently used, whereas for 
temperatures under 420 K, high sensitive heat flow plates (usually semiconductor 
Peltier plates) are used. Drop calorimeters of the heat conduction type have the 
advantage of improved sensitivity, due to the isothermal working mode of the heat flow 
sensors. The twin design has proven to be suitable for very long reaction periods, as 
the surrounding disturbances are significantly reduced. These characteristics 
(sensitivity and long-term stability) are very important when the calorimeters are used in 
solution chemistry, in particular for biological and pharmaceutical applications. [5.16, 
5.26-5.28] 
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5.2. Experimental methodologies 
 
5.2.1. Differential scanning calorimetry DSC  
 
 
Apparatus and methodology 
 
The differential scanning calorimeter used in this work was a PerkinElmer 
Diamond Pyris 1 calorimeter. The detailed description and mode of operation of the 
apparatus can be found in the respective manual provided with the device. [5.29]  
 
Figure 5.2. View of the Perkin Elmer Pyris Diamond, a DSC power compensation calorimeter. 
 
DSC studies were carried out using hermetically sealed aluminum crucibles (30 
or 50 µL capacity) and a flow of nitrogen used as purging gas. The calibration of the 
calorimeter was made by using high purity reference materials and test substances and 
the same heating rate and aluminum crucibles used in the sample study. The power 
and temperature scales of the calorimeter were calibrated simultaneously, at 2, 5 and 
10 K.min‒1 heating rates, by measuring the melting temperature and enthalpies of the 
following substances [5.30]: naphthalene, benzoic acid, diphenylacetic acid, 






DSC results are usually displayed as thermal analysis curves, or thermograms, 
in which the instrument signal, heat flow rate, is plotted as a function of time and 
temperature. In the absence of any changes in the sample, the sample and reference 
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furnaces are at the same temperature and the heat flow rate is approximately constant, 
establishing the baseline. The baseline is related to the heat capacity of the sample in 
the absence of phase transitions or chemical transformations, and its good definition is 
crucial for the reproducibility and accuracy of experimental results. Prior to heating, the 
sample is generally subjected to an isothermal period to ensure thermal equilibrium with 
the furnace conditions. The sample is then heated, according to a preset heating rate, 
and when a physical or chemical transformation occurs, the resulting change in heat 
flow rate causes a deviation from the baseline in the form of a peak. In the DSC 
experiments performed in the present work, a negative deviation corresponds to an 
endothermic process (e.g., melting), whereas a positive deviation corresponds to an 
exothermic process (e.g., crystallization). 
Figure 5.3 represents a typical thermogram of an endothermic process based on 
a dynamic method, showing the temperature ramp (blue line) and the heat flow rate. 
associated with the occurring transitions (green line). To characterize the transition 
associated to the peak, it is necessary to define the onset temperature and the area of 
the peak, which are respectively related to the temperature and enthalpy of transition. 
The transition temperature is the onset temperature defined by the intersection between 
the tangent that follows the downslope of the peak and the extrapolated baseline. The 
heat associated with the process is proportional to the area of the peak, defined from 
the interpolation of the baseline connecting the beginning and end of the transition. 
Assuming that the experiment occurs at constant pressure, the measured heat 
corresponds to the change in enthalpy during the process. The difference between the 
baseline before and after the transition reflects the different heat capacities of the two 
phases of the sample.  
 
Figure 5.3. Typical thermogram obtained using a power compensation calorimeter. 
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The calorimeter’s signal does not depend solely on the occurring thermal 
process but also on several factors inherent to the calorimeter, namely heating rate, the 
thermal conductivity of the crucible material, nature and flow of the purge gas, etc. To 
account for thermal gradients between the crucibles (of sample and reference), it’s 
crucial to carefully calibrate the apparatus. [5.31] To achieve reproducibility and 
accuracy of the results, it is necessary to perform the calibration in terms of temperature 
and in terms of heat flow. The calibration constants determined are factors of 
proportionality between quantities measured by the device and the actual values. 
Because the calibration constants are complex and generally unknown functions of 
various parameters, the calibration experiments should be carried under the same 
experimental conditions used for the sample experiments.The recommended calibration 
method for a dynamic operated DSC involves the determination of the temperature and 
enthalpy of fusion of several standard substances for thermal analysis, as some of 
those recommended by Sabbah et al. [5.32], over the temperature range of the 
equipment and using various heating rates. A number of the recommended 
temperature standards have well-established enthalpies of transition, allowing both 





The thermal analysis and phase behavior of the PILs studied were explored in 
the temperature range from 173 K to 373 K, on a DSC, PerkinElmer, model Pyris 
Diamond using a heating rate of 5 K·min–1, an N2(g) flow of 50 mL·min–1 and sealed 
aluminum crucibles. The crucibles were weighted using a Mettler Toledo XS105 dual 
range analytical balance (sensitivity of 1 x 10-5 g and repeatability of 8 x 10-6 g), the 
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 The heat capacities, at T = 298.15 K, for some PILs studied in this thesis were 
measured by the high-precision heat capacity drop calorimeter previously described in 




Figure 5.4. Photograph and schematic representation of the twin high-precision drop calorimeter used in 
this thesis. Materials: (■): water; (■): PVC; (■): metal; (■): copper; (■): measuring elements; a: automatic 
lift; b: thermistor for temperature control; c: Pt100, temperature sensors; d: magnet holding ampoule; e: 
copper block (Ti) with manganin heater wound; f: electromechanical shutter; g: tube for the ampoule (top 
copper, bottom plastic); h: thermistor; i: Pt100, temperature sensor located in wall of block; j: Peltier plates; 
k: ampoule receiver; l: aluminum calorimeter block (Tf). Adapted from source [5.15]. 
  
  
 The apparatus is shown in figure 5.4 and comprises two main parts: a furnace 
block made of copper with manganin heater wound in which Pt100 temperature 
sensors are coupled, and the receiving calorimeter made of aluminum. The receiving 
calorimeter consists of a twin heat conduction calorimeter assembled with Peltier 
plates. The furnace and receiving calorimeter are kept at constant temperatures, 
303.15 ± 0.01 K and 293.15 ± 0.01 K, respectively. The twin calorimeter measures the 
heat exchange resulting from the ampoule cooling from the initial temperature (Ti = 
303.15 K) to the final temperature (Tf = 293.15 K), which results in a change in voltage 
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signal, ∅/𝜇V, across the thermopiles. A software application in Agilent VEE, v9.0 [5.35] 
was developed for data acquisition and data treatment. This application allows to collect 
and monitor data in real-time and to define the experimental setup (e.g. control the time 




The heat exchange resulting from the ampoule cooling is recorded as the 
change in voltage signal (U) with time. Figure 5.5 depicts the typical data acquired by 
the software application. 
 
 
Figure 5.5. Typical experimental data recorded in a five drops experiment. (─) furnace temperature; (─) 
heat flow; (─) calorimeter temperature. Adapted from the reference [5.33]. 
 
The integrated heat flow is normalized to the temperature difference between 










The calibration constant is determined from chemical calibration, which allows 
canceling systematic errors inherent to the drop methodology. The calibration constant 
is calculated by equation (5.7). 
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(Aampoule+sample - Aampoule)∙M 




 is the available heat capacity of the reference material (primary) used 
in the calibration, msample is the mass of sample and Aampoule+sample and Aampoule are the 
normalized integrated areas of the filled ampoule and the empty ampoule (blank), 
respectively, M is the molar mass of the compound. The calorimeter was calibrated with 
sapphire (α-Al2O3 NBS standard sample, SRM7 20) using the heat capacity value of 
Cp,m
0
 (sapphire) = (79.03±0.08) J∙K-1∙mol-1, at T = 298.15 K. [5.36] The determined 
calibration constant was ε = (6.6040 ± 0.0036) W·V–1. The heat capacity (J∙K-1∙mol-1) of 







   (5.10) 
 
The accuracy of the apparatus for measurements of heat capacities of liquids 
and solids was tested using benzoic acid, hexafluorobenzene, p-terphenyl, 1,3,5 - 
triphenylbenzene and [1C63C1im][NTf2]. [5.33,5.37] All the uncertainties are given as 
twice of the standard deviation of the mean and include the calibration uncertainty. The 





The heat capacities at T = 298.15 K were measured by the drop method and the 
ampoules were weighted using a Mettler Toledo XS105 dual range analytical balance 
(sensitivity of 1 x 10-5 g and repeatability of 8 x 10-6 g), the typical sample load was of 
about 300 to 500 mg. 
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5.2.3. Micro-differential scanning calorimetry μDSC 
 
 The apparatus was repaired as a part of this work. The calibration and 
methodology applied were made thinking in the heat capacity measurements of ILs and 




The heat capacities of the liquid PILs were also measured using a Setaram 
DSC III (figure 5.6), in the range from 283 to 363 K and using the incremental 
temperature mode with the step method. Each 5 K step at a heating rate of 0.3 K min-1 
was spaced between two isothermal runs of 2600 s. The typical mass of samples was 
of about 0.5 g to 1.0 g. 
 
 
Figure 5.6. The Setaram μDSC III used in this work for the heat capacity measurements at different 
temperatures. 
 
The combined expanded uncertainty of the heat capacity measurements using 
this method is estimated as Uc(Cp,m
0
) = 0.01.Cp,m
0 . [5.38] Figure 5.7. presents the type of 
vessels used in this apparatus: a closed Hastelloy C (mostly made of Nickel, 
Chromium, and Molybdenum) vessel, with a volume of 1 cm3.  
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Figure 5.7. The μDSC vessels used in the Setaram μDSC III. Adapted from [5.39] 
 
The calorimeter’s temperature is controlled by an external water circulating system 
that removes the excess heat. 
Some of the Setaram μDSC III characteristics are: 
• Temperature range: 273 K to 393 K; 
• Scanning rate from 0.01 K min-1 to 1.2 K.min-1 in the whole temperature range; 
• Detection limit from 0.2 to 2 µW; 
• Resolution of 40 nW. 
 
Typical results  
 
 
The heat capacities at different temperatures between 283 and 363 K obtained 
using the µDSC were measured by the step method (increase and decrease of 
temperature – step = 5 K) described previously and the ampoules were weighted using 
Mettler Toledo XS105 dual range analytical balance (sensitivity of 1 x 10-5 g and 
repeatability of 8 x 10-6 g), the typical sample load was of about 600 to 700 mg. 
 
Heat capacity measurements can be performed in two different ways: using the 
step method or the continuous method. 
• Step method (figure 5.8) is an intercalary method between temperature 
stabilizations and temperature increments; 
• The continuous method (figure 5.9) uses a linear dependence of 
temperature with the heat flow. 
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Figure 5.8. Representation of the step method. Adapted from reference [5.39]. 
 
Figure 5.9. Representation of the continuous method. Adapted from reference [5.39]. 
 
 
The step method fits temperature stages between temperature increments, as 
shown in figures 5.8 and 5.9. Those steps are repeated over a temperature range until 
the desired temperature is reached. This method was performed with a sample and 
reference (an empty pan) simultaneously, in identical experimental conditions. The 
result is the difference between the sample and the reference and, hence, the signal 
measured is directly proportional to the sample’s heat capacity. 
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Figure 5.10 presents a typical result of an experiment obtained from the µDSC 
III using the step method. The software used in this apparatus was adapted from the 
one created for the Drop calorimeter in order to integrate the peaks faster and with 
accuracy. [5.33]  
 
 
Figure 5.10. Typical results obtained from μDSC III with step method. The measurement was performed 
for superbase DBN at 0.3 K∙min-1 in the temperature range of 283 to 363 K. 
 
 
To compute the sample’s heat capacity at a given temperature, equation 5.11. 
can be used: 
,
,
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Where Cp,sapp is the sapphire molar heat capacity and msapp its mass, ms is the 
sample’s mass, As is the sample peak area, AB is the blank peak area, Asapp is the 
sapphire peak area and ΔT is the peak temperature interval. Each area meaning the 
integration of the heat flow overtime. The step method procedure is considered more 
reliable than the continuous one for heat capacity measurements since it minimizes 
errors caused by kinetic processes (such as lack of rapid thermal transmittance and 
stability of the sample). On the other hand, this method is much more time consuming, 
since the various steps need several minutes for the isotherms to stabilize and it is 










The calibration made in this methodology was similar to the one made in the 
drop calorimeter. The calibration constant was determined from chemical calibration, 
which allowed canceling systematic errors inherent to the methodology. The calibration 
constant was calculated by equation (5.7). The calorimeter was also calibrated with 
sapphire (α-Al2O3 NBS standard sample, SRM7 20) using the heat molar capacity value 
of Cp,m
0
 (sapphire) = (79.03±0.08) J∙K-1∙mol-1, at T = 298.15 K. [5.36] The mass of 
sapphire was taken into account in order to the value of Asapp is similar to As in equation 
5.11. The accuracy of the apparatus for measurements of heat capacities of PILs was 
tested using benzoic acid. All the uncertainties are given as twice of the standard 
deviation of the mean and include the calibration uncertainty (calibration constant K). 
The buoyancy effect correction was also considered, and the value of the calibration 
constant K varies less than 5% in the temperature range studied. Where K is the 
calibration constant, msapp the sapphire mass, Msapp the sapphire molar mass, AB is the 
blank peak area, Asapp is the sapphire peak area and Cp,sapp is the sapphire heat 
capacity value of reference. [5.22] Figure 5.11 and table 5.1 show the dependence of 
the K values with temperature:  
, ( )
( )
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With the calibration constant calculated, the heat capacity can be obtained by equation 
5.13: 
,






A Τ A Τ
K T
T TC Τ M
m
 ( −
 =    (5.13) 
Where K is the calibration constant, ms the sample mass, Ms the sample molar mass, 
AB is the blank peak area, As is the sample peak area and Cp,s(T) is the sample heat 
capacity at T. 
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Table 5.1. Experimental results (average) obtained for the calibration constant K (T) using µDSC as a 


















Figure 5.11. Experimental results obtained for the calibration constant K (T) using µDSC (three 
independent experiments). – (green line) values for K (T) at different temperatures using the polynomial 
equation: K (T) = 0.001354 – 0.000003068.T + 0.00000003072.T2. 
T / K K  (T)  ∆T / K 
283.15 0.0013285 4.9927 
288.15 0.0013155 4.9964 
293.15 0.0013047 5.0010 
298.15 0.0012960 5.0012 
303.15 0.0012891 5.0004 
308.15 0.0012839 5.0008 
313.15 0.0012805 5.0010 
318.15 0.0012785 5.0007 
323.15 0.0012781 5.0010 
328.15 0.0012792 5.0006 
333.15 0.0012816 5.0007 
338.15 0.0012855 5.0006 
343.15 0.0012908 5.0012 
348.15 0.0012975 5.0006 
353.15 0.0013057 5.0010 
358.15 0.0013153 5.0009 
363.15 0.0013264 5.0015 
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 Blanks were made before each experiment and in figure 5.12 an example of a 




Figure 5.12. Experimental results obtained for the blank using µDSC. – (green line) values obtained at 
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5.3. Results and discussion  
5.3.1. Phase behavior 
 Table 5.2 presents the experimental results obtained by DSC for each 
compound studied in this thesis.  
Table 5.2. Experimental results obtained by DSC for the compounds studied; Tc is the crystallization 
temperature, Tm is the melting temperature, Tg the glass transition temperature and Tcc the cold-
crystallization temperature. 
Compound T / K 
DBN 185.5 ± 0.5 (Tg) 
DBU 185.8 ± 0.5 (Tg) 
[DBNH][MeCOO] 
202.2 ± 0.5 (Tg) 
257.8 ± 0.5 (Tcc) 
277.9 ± 0.5 (Tm) 
Tg / Tm = (0.73) 
[DBNH][EtCOO] 
200.5 ± 0.5 (Tg) 
245.3 ± 0.5 (Tc) 
274.2 ± 0.5 (Tm) 
Tg / Tm = (0.73) 
[DBNH][nPrCOO] 200.7 ± 0.5 (Tg) 
[DBNH][iPrCOO] 206.3 ± 0.5 (Tg) 
[DBNH][nPentCOO] 201.3 ± 0.5 (Tg) 
[DBNH][nHeptCOO] 
194.1 ± 0.5 (Tg) 
243.7 ± 0.5 (Tc) 
259.1± 0.5 (Tm) 
 Tg / Tm = (0.75) 
[DBUH][MeCOO] 222.7 ± 0.5 (Tg) 
[DBUH][EtCOO] 220.0 ± 0.5 (Tg) 
[DBUH][nPrCOO] 226.6 ± 0.5 (Tg) 
[DBUH][iPrCOO] 230.4 ± 0.5 (Tg) 
[DBUH][nPentCOO] 217.0 ± 0.5 (Tg) 
[DBUH][nHeptCOO] 216.3 ± 0.5 (Tg) 
[TBDH][nPentCOO] 
208.1 ± 0.5 (Tg) 
226.2 ± 0.5 (Tc) 
264.3 ± 0.5 (Tm) 
Tg / Tm = (0.79) 
[TMGH][EtCOO] 213.5 ± 0.5 (Tg) 
[TMGH][nPentCOO] 
206.5 ± 0.5 (Tg) 
243.8 ± 0.5 (Tc) 
257.8 ± 0.5 (Tm) 
Tg / Tm = (0.80) 
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Figure 5.13 presents the graphic representation of Tg, Tc, Tcc, and Tm values as a 
function of the number of carbon atoms in the PIL. As can be seen, for the PILs with 
acids of intermediate chain length no Tm, Tcc or Tc could be determined. This result is 
quite similar to previous work dealing with aprotic ILs [5.40], in which this zone is a 
consequence of the weakening of the electrostatic interactions and decrease of the 
symmetry of the IL-cation. In this case, the explanation can be similar, and this zone 














Figure 5.13. Phase behavior results for the PILs studied. DBN-based PILs (●) and DBU-based PILs (♦). n 
– number of C atoms in the acid.  
 
The higher Tg of DBU PILs compared to the DBN analogues, can be 
explained by their higher ionicity. Since the DBU PILs are more ionic, and 
assuming that the composition of the PILs in the glass resembles that of the 
liquid, the Tg increases because strong intermolecular interactions generally 
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5.3.2. Heat capacities at T = 298.15 K  
 The heat capacities at T = 298.15 K were measured using two different 
apparatus. In this sub-chapter the results obtained using the Drop calorimeter are 
presented. Before each measurement a blank was made in order to calibrate the 
apparatus. Table 5.3. presents the experimental results obtained for the blanks using 
the three different ampoules. 
Table 5.3. Experimental results obtained by Drop calorimetry with empty ampoules (blanks), using three 
different ampoules, the results are presented as the average of N experiments for each compound, each 
experiment with independent number of drops, Ndrop.   
m amp / g Compound <Tfurnace> / K <Tcalorimeter> / K <Aamp> / V.s.K-1 N Ndrop 
2.96201 DBN 293.19 303.31 0.21930 1 25 
2.93192 DBU 293.19 303.33 0.21415 1 17 
2.96204 [DBNH][nEtCOO] 293.19 303.31 0.21930 1 21 
2.96207 [DBNH][nPrCOO] 293.19 303.31 0.21930 3 62 
2.96206 [DBNH][nPentCOO] 293.19 303.31 0.21930 2 54 
2.96207 [DBNH][nHeptCOO] 293.19 303.31 0.21930 2 46 
2.93206 [DBUH][nEtCOO] 293.19 303.33 0.21415 2 35 
2.93199 [DBUH][nPrCOO] 293.19 303.33 0.21415 2 34 
2.93198 [DBUH][nPentCOO] 293.19 303.33 0.21415 1 23 
2.93205 [DBUH][nHeptCOO] 293.19 303.33 0.21415 2 35 
 
 Tables 5.4 to 5.20 present the experimental results obtained for the PILs 
studied: number of drops for each studied compound, Ndrop, (each experiment has 
several drops), the corrected normalized areas of the peaks, Acorr and the obtained Cp 
at T = 298.15K are presented. Figures 5.14 to 5.30 illustrate the variance of these 
measurements across the various drop experiments. The results of Cp are shown as 
the mean and the standard deviation of the mean. In all experiments the <T> is around 
298.3 K, that is ≈ 298.15 K, but, with rigor, the obtained Cp should be considered for the 
<T > of each experiment. The errors in the heat capacity values were calculated by 
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Table 5.4. Experimental results obtained by Drop calorimetry for DBN (M = 124.18 g.mol-1; m = 0.49664 g; 
ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
  
Figure 5.14. Experimental results obtained by Drop calorimetry for DBN. – (red line) value obtained for Cp 





Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.38 293.19 10.19 0.127735 210.93 
2 303.38 293.19 10.19 0.127530 210.59 
3 303.38 293.19 10.19 0.127735 210.93 
4 303.36 293.20 10.16 0.127405 210.39 
5 303.39 293.19 10.20 0.127834 211.10 
6 303.39 293.19 10.20 0.127849 211.12 
7 303.40 293.18 10.22 0.127485 210.52 
8 303.39 293.19 10.20 0.127810 211.06 
9 303.41 293.18 10.23 0.127457 210.47 
10 303.39 293.19 10.21 0.127089 210.38 
11 303.38 293.20 10.17 0.126904 210.37 
12 303.38 293.19 10.18 0.127395 210.70 
Cp (298.15 K) / J.K-1.mol-1= (210.75 ± 0.21) 
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Table 5.5. Experimental results obtained by Drop calorimetry for DBU (M = 152.24 g.mol-1; m = 0.49449 g; 
ε = 6.6040 W.V-1). 




Figure 5.15. Experimental results obtained by Drop calorimetry for DBU. – (red line) value obtained for Cp 
at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.38 293.20 10.17 0.129902 264.11 
2 303.42 293.20 10.22 0.130088 264.49 
3 303.43 293.20 10.23 0.130115 264.54 
4 303.41 293.20 10.22 0.129841 263.99 
5 303.38 293.18 10.20 0.129841 263.83 
6 303.37 293.20 10.18 0.129948 264.21 
7 303.40 293.19 10.21 0.129752 263.81 
8 303.40 293.18 10.21 0.129797 263.90 
9 303.40 293.18 10.21 0.129745 263.79 
10 303.38 293.17 10.22 0.130053 264.42 
Cp (298.15 K) / J.K-1.mol-1= (264.11 ± 0.23) 
FCUP 
Chapter 5 – Phase Behavior and Heat capacities of Protic Ionic Liquids 
105 
 
Table 5.6. Experimental results obtained by Drop calorimetry for [DBNH][EtCOO] (M = 198.26 g.mol-1; m = 
0.45349 g; ε = 6.6040 W.V-1). 







Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.24 293.43 9.81 0.129431 373.70 
2 303.25 293.46 9.78 0.129793 374.74 
3 303.24 293.46 9.78 0.129825 374.84 
4 303.21 293.47 9.74 0.129502 373.90 
5 303.19 293.48 9.71 0.129481 373.84 
6 303.19 293.51 9.69 0.129682 374.42 
7 303.21 293.52 9.69 0.129645 374.32 
8 303.24 293.53 9.71 0.129788 374.73 
9 303.23 293.53 9.70 0.129481 373.84 
10 303.25 293.52 9.73 0.129733 374.57 
11 303.26 293.52 9.74 0.129794 374.75 
12 303.19 293.57 9.63 0.129417 373.66 
13 303.22 293.60 9.62 0.129641 374.30 
14 303.23 293.60 9.63 0.129760 374.65 
15 303.24 293.59 9.65 0.129800 374.76 
16 303.25 293.57 9.68 0.129726 374.55 
17 303.21 293.54 9.67 0.129595 374.17 
18 303.21 293.54 9.67 0.129486 373.86 
19 303.22 293.54 9.68 0.129633 374.28 
20 303.21 293.54 9.68 0.129445 373.74 
21 303.20 293.54 9.66 0.129426 373.68 
22 303.23 293.55 9.68 0.129810 374.79 
23 303.25 293.54 9.70 0.129749 374.61 
24 303.25 293.54 9.72 0.129518 373.95 
25 303.26 293.51 9.75 0.129730 374.56 
26 303.26 293.48 9.78 0.129579 374.12 
27 303.25 293.47 9.78 0.129597 374.18 
28 303.23 293.47 9.76 0.129543 374.02 
29 303.24 293.47 9.77 0.129453 373.76 
30 303.24 293.47 9.77 0.129748 374.61 
Cp (298.15 K) / J.K-1.mol-1= (374.26 ± 0.25) 
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Figure 5.16. Experimental results obtained by Drop calorimetry for [DBNH][EtCOO]. – (red line) value 
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Table 5.7. Experimental results obtained by Drop calorimetry for [DBNH][nPrCOO], experiment 1 (M = 
212.29 g.mol-1; m = 0.49827 g; ε = 6.6040 W.V-1). 




Figure 5.17. Experimental results obtained by Drop calorimetry for [DBNH][nPrCOO], experiment 1. – (red 






Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.15 293.73 9.41 0.144688 407.10 
2 294.15 293.75 9.40 0.144706 407.15 
3 303.16 293.76 9.40 0.144626 406.93 
4 303.16 293.76 9.40 0.144526 406.65 
5 303.17 293.76 9.41 0.144657 407.02 
6 303.14 293.73 9.41 0.144453 406.44 
7 303.08 293.79 9.29 0.144571 406.77 
8 303.09 293.80 9.29 0.144656 407.01 
9 303.10 293.82 9.29 0.144675 407.07 
Cp (298.15 K) / J.K-1.mol-1= (406.90 ± 0.27) 
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Table 5.8. Experimental results obtained by Drop calorimetry for [DBNH][nPrCOO], experiment 2 (M = 
212.29 g.mol-1; m = 0.49860 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.18. Experimental results obtained by Drop calorimetry for [DBNH][nPrCOO], experiment 2. – (red 
line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.16 293.83 9.34 0.145337 408.66 
2 303.17 293.73 9.45 0.145233 408.37 
3 303.19 293.69 9.51 0.145294 408.54 
4 303.21 293.64 9.56 0.145446 408.96 
5 303.21 293.62 9.59 0.145395 408.82 
6 303.21 293.60 9.61 0.145425 408.91 
7 303.22 293.58 9.64 0.145298 408.55 
8 303.22 293.56 9.65 0.145266 408.46 
9 303.21 293.55 9.67 0145258 408.44 
10 303.22 293.52 9.70 0.145395 408.82 
11 303.22 293.51 9.71 0.145358 408.72 
12 303.21 293.50 9.71 0.145363 408.73 
13 303.22 293.49 9.72 0.145390 408.81 
14 303.22 293.49 9.74 0.145405 408.85 
15 303.23 293.48 9.75 0.145558 409.28 
16 303.24 293.47 9.77 0.145338 408.66 
17 303.24 293.46 9.78 0.145488 409.08 
Cp (298.15 K) / J.K-1.mol-1= (408.74 ± 0.25) 
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Table 5.9. Experimental results obtained by Drop calorimetry for [DBNH][nPrCOO], experiment 3 (M = 
212.29 g.mol-1; m = 0.49794 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.19. Experimental results obtained by Drop calorimetry for [DBNH][nPrCOO], experiment 3. – (red 
line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.24 293.40 9.84 0.145568 409.85 
2 303.23 293.39 9.83 0.145356 409.25 
3 303.22 293.39 9.83 0.145486 409.62 
4 303.23 293.40 9.84 0.145358 409.26 
5 303.24 293.39 9.85 0.145484 409.61 
6 303.25 293.39 9.86 0.145480 409.60 
7 303.25 293.35 9.89 0.145570 409.85 
8 303.24 293.36 9.88 0.145568 409.85 
9 303.22 293.36 9.86 0.145398 409.37 
10 303.22 293.38 9.84 0.145492 409.64 
11 303.22 293.38 9.84 0.145529 409.74 
12 303.23 293.39 9.84 0.145480 409.60 
13 303.23 293.39 9.84 0.145465 409.56 
14 303.24 293.39 9.84 0.145545 409.79 
15 303.24 293.39 9.85 0.145492 409.63 
16 303.24 293.39 9.86 0.145407 409.40 
17 303.23 293.38 9.85 0.145524 409.73 
18 303.24 293.40 9.84 0.145431 409.85 
Cp (298.15 K) / J.K-1.mol-1= (409.60 ± 0.24) 
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Table 5.10. Experimental results obtained by Drop calorimetry for [DBNH][nPentCOO], experiment 1 (M = 
240.34 g.mol-1; m = 0.45586 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.20. Experimental results obtained by Drop calorimetry for [DBNH][nPentCOO], experiment 1. – 
(red line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.30 293.22 10.08 0.136544 475.42 
2 303.33 293.24 10.08 0.136641 475.76 
3 303.33 293.24 10.09 0.136509 475.30 
4 303.35 293.23 10.12 0.136428 475.02 
5 303.29 293.26 10.04 0.136406 474.94 
6 303.33 293.27 10.06 0.136635 475.74 
7 303.33 293.27 10.06 0.136616 475.67 
8 303.33 293.22 10.10 0.136450 475.10 
9 303.33 293.23 10.10 0.136562 475.49 
10 303.34 293.23 10.11 0.136601 475.62 
11 303.34 293.23 10.11 0.136423 475.00 
12 303.34 293.22 10.11 0.136482 475.21 
13 303.32 293.23 10.09 0.136685 475.91 
Cp (298.15 K) / J.K-1.mol-1= (475.40 ± 0.36) 
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Table 5.11. Experimental results obtained by Drop calorimetry for [DBNH][nPentCOO], experiment 2 (M = 
240.34 g.mol-1; m = 0.45629 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.21. Experimental results obtained by Drop calorimetry for [DBNH][nPentCOO], experiment 2. – 





Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.30 293.23 10.07 0.136387 474.43 
2 303.28 293.25 10.03 0.136351 474.30 
3 303.26 293.28 9.98 0.136455 474.66 
4 303.32 293.31 10.01 0.136404 474.49 
5 303.33 293.30 10.03 0.136366 474.36 
6 303.31 293.26 10.05 0.136411 474.51 
7 303.30 293.25 10.05 0.136482 474.76 
8 303.28 293.27 10.01 0.136198 473.77 
Cp (298.15 K) / J.K-1.mol-1= (474.41 ± 0.33) 
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Table 5.12. Experimental results obtained by Drop calorimetry for [DBNH][nHeptCOO], experiment 1 (M = 
268.40 g.mol-1; m = 0.41717 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.33 293.26 10.07 0.128028 543.97 
2 303.34 293.26 10.09 0.128068 544.14 
3 303.36 293.22 10.14 0.128033 543.99 
4 303.37 293.22 10.15 0.128040 544.02 
5 303.37 293.21 10.17 0.128069 544.15 
6 303.38 293.21 10.17 0.128186 544.64 
7 303.38 293.21 10.17 0.128168 544.57 
8 303.35 293.21 10.15 0.128202 544.71 
9 303.38 293.21 10.17 0.128151 544.50 
10 303.39 293.21 10.19 0.128141 544.45 
11 303.39 293.20 10.19 0.128098 544.27 
12 303.39 293.21 10.18 0.128249 544.91 
13 303.39 293.21 10.19 0.128194 544.68 
14 303.38 293.20 10.17 0.128035 544.00 
15 303.38 293.20 10.18 0.128213 544.76 
16 303.38 293.20 10.17 0.128229 544.83 
17 303.37 293.20 10.17 0.128213 544.76 
18 303.38 293.20 10.18 0.128093 544.25 
19 303.38 293.20 10.18 0.128398 545.54 
20 303.39 293.20 10.18 0.128072 544.16 
21 303.39 293.20 10.19 0.128057 544.09 
22 303.38 293.21 10.17 0.128174 544.59 
23 303.38 293.20 10.18 0.128128 544.40 
Cp (298.15 K) / J.K-1.mol-1= (544.45 ± 0.34) 
FCUP 




Figure 5.22. Experimental results obtained by Drop calorimetry for [DBNH][nHeptCOO], experiment 1. – 
(red line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
  
114 FCUP 
Chapter 5 – Phase Behavior and Heat capacities of Protic Ionic Liquids 
 
Table 5.13. Experimental results obtained by Drop calorimetry for [DBNH][nHeptCOO], experiment 2 (M = 
268.40 g.mol-1; m = 0.41737 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.23. Experimental results obtained by Drop calorimetry for [DBNH][nHeptCOO], experiment 2. – 




Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.40 293.20 10.20 0.128630 546.27 
2 303.37 293.20 10.17 0.128502 545.72 
3 303.37 293.20 10.17 0.128446 545.49 
4 303.40 293.20 10.20 0.128555 545.95 
5 303.40 293.20 10.20 0.128472 545.59 
6 303.40 293.20 10.20 0.128530 545.84 
7 303.40 293.20 10.20 0.128463 545.56 
8 303.40 293.20 10.20 0.128591 546.10 
9 303.38 293.20 10.18 0.128487 545.66 
10 303.39 293.20 10.19 0.128584 546.07 
11 303.40 293.20 10.20 0.128609 546.18 
12 303.40 293.20 10.20 0.128631 546.27 
Cp (298.15 K) / J.K-1.mol-1= (545.89 ± 0.34) 
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Table 5.14. Experimental results obtained by Drop calorimetry for [DBUH][EtCOO], experiment 1 (M = 
226.32 g.mol-1; m = 0.50405 g; ε = 6.6040 W.V-1). 
 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.24. Experimental results obtained by Drop calorimetry for [DBUH][EtCOO], experiment 1. – (red 
line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.31 293.34 9.98 0.152457 452.06 
2 303.34 293.32 10.01 0.152268 451.50 
3 303.33 293.31 10.02 0.152313 451.63 
4 303.34 293.31 10.03 0.152346 451.73 
5 303.29 293.30 9.99 0.152300 451.60 
6 303.30 293.31 9.99 0.152290 451.57 
7 303.32 293.32 10.00 0.152390 451.86 
8 303.33 293.29 10.04 0.152210 451.33 
9 303.34 293.28 10.06 0.152364 451.79 
10 303.33 293.26 10.07 0.152326 451.67 
11 303.33 293.26 10.07 0.152441 452.01 
12 303.29 293.29 10.00 0.152433 451.99 
13 303.31 293.30 10.01 0.152420 451.95 
14 303.32 293.30 10.02 0.152355 451.76 
15 303.34 293.30 10.03 0.152278 451.53 
16 303.33 293.25 10.08 0.152224 451.37 
17 303.29 293.29 10.01 0.152412 451.93 
18 303.31 293.30 10.01 0.152334 451.70 
19 303.33 293.30 10.03 0.152207 451.32 
Cp (298.15 K) / J.K-1.mol-1= (451.70 ± 0.27) 
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Table 5.15. Experimental results obtained by Drop calorimetry for [DBUH][EtCOO], experiment 2 (M = 
226.32 g.mol-1; m = 0.33658 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.25. Experimental results obtained by Drop calorimetry for [DBUH][EtCOO], experiment 2. – (red 
line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.30 293.29 10.00 0.101852 452.27 
2 303.32 293.32 9.99 0.102074 453.26 
3 303.36 293.33 10.03 0.102014 453.00 
4 303.33 293.30 10.03 0.102109 453.42 
5 303.31 293.39 9.91 0.101831 452.18 
6 303.33 293.40 9.93 0.102114 453.44 
7 303.37 293.36 10.00 0.102046 453.14 
8 303.34 293.35 10.00 0.102995 452.91 
9 303.33 293.33 10.00 0.101869 452.35 
10 303.33 293.33 10.00 0.101900 452.49 
11 303.30 293.36 9.94 0.102080 453.29 
12 303.31 293.36 9.96 0.101864 452.33 
13 303.33 293.36 9.96 0.101946 452.69 
14 303.35 293.35 10.00 0.102984 452.86 
Cp (298.15 K) / J.K-1.mol-1= (452.83 ± 0.34) 
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Table 5.16. Experimental results obtained by Drop calorimetry for [DBUH][nPrCOO], experiment 1 (M = 
240.34 g.mol-1; m = 0.51639 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
Figure 5.26. Experimental results obtained by Drop calorimetry for [DBUH][nPrCOO], experiment 1. – (red 
line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.28 293.25 10.03 0.159106 489.04 
2 303.28 293.28 10.00 0.159262 489.52 
3 303.29 293.30 9.99 0.159210 489.36 
4 303.30 293.31 9.99 0.159391 489.92 
5 303.31 293.33 9.97 0.159407 489.97 
6 303.31 293.33 9.98 0.159362 489.83 
7 303.33 293.34 9.99 0.159108 489.05 
8 303.33 293.34 9.99 0.159179 489.27 
9 303.31 293.34 9.97 0.159271 489.55 
10 303.30 293.34 9.97 0.159211 489.37 
11 303.28 293.34 9.95 0.159402 489.95 
12 303.28 293.35 9.93 0.159232 489.43 
13 303.28 293.37 9.91 0.159060 488.90 
14 303.29 293.38 9.91 0.159382 489.89 
15 303.31 293.39 9.93 0.159261 489.52 
16 303.32 293.38 9.94 0.159216 489.38 
17 303.32 293.38 9.95 0.159002 488.73 
18 303.31 293.37 9.94 0.159220 489.40 
19 303.28 293.38 9.90 0.159096 489.01 
Cp (298.15 K) / J.K-1.mol-1= (489.43 ± 0.32) 
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Table 5.17. Experimental results obtained by Drop calorimetry for [DBUH][nPrCOO], experiment 2 (M = 
240.34 g.mol-1; m = 0.51677 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.27. Experimental results obtained by Drop calorimetry for [DBUH][nPrCOO], experiment 2. – (red 
line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.28 293.39 9.88 0.159315 489.32 
2 303.28 293.41 9.88 0.159270 489.19 
3 303.32 293.40 9.92 0.159359 489.46 
4 303.33 293.39 9.94 0.159133 488.77 
5 303.33 293.38 9.95 0.159127 488.75 
6 303.32 293.34 9.98 0.159212 489.01 
7 303.31 293.33 9.98 0.159526 489.97 
8 303.33 293.32 10.01 0.159483 489.84 
9 303.34 293.31 10.03 0.159421 489.65 
10 303.34 293.30 10.05 0.159347 489.42 
11 303.34 293.29 10.05 0.159130 488.76 
12 303.36 293.25 10.11 0.159351 489.44 
13 303.36 293.24 10.12 0.159371 489.50 
14 303.35 293.24 10.11 0.159528 489.98 
15 303.34 293.23 10.11 0.159127 488.75 
Cp (298.15 K) / J.K-1.mol-1= (489.32 ± 0.35) 
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Table 5.18. Experimental results obtained by Drop calorimetry for [DBUH][nPentCOO] (M = 268.40 g.mol-1; 
m = 0.44772 g; ε = 6.6040 W.V-1). 
 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.28. Experimental results obtained by Drop calorimetry for [DBUH][nPentCOO]. – (red line) value 
obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.31 293.20 10.11 0.139731 553.19 
2 303.36 293.20 10.16 0139914 553.91 
3 303.35 293.20 10.15 0.139772 553.35 
4 303.33 293.19 10.14 0.139947 554.04 
5 303.33 293.20 10.13 0.139847 553.64 
6 303.32 293.20 10.12 0.139872 553.74 
7 303.33 293.20 10.12 0.140987 554.20 
8 303.33 293.20 10.13 0.139828 553.57 
9 303.32 293.20 10.12 0.139699 553.06 
10 303.28 293.29 9.99 0.139899 553.85 
11 303.29 293.32 9.97 0.139829 553.57 
12 303.28 293.44 9.84 0.139845 553.64 
13 303.29 293.44 9.85 0.139767 553.33 
14 303.28 293.43 9.85 0.139767 553.33 
15 303.25 293.43 9.83 0.139674 552.96 
16 303.27 293.44 9.84 0.139743 553.23 
17 303.28 293.44 9.84 0.139692 553.03 
18 303.29 293.44 9.84 0.139725 553.16 
Cp (298.15 K) / J.K-1.mol-1= (553.49 ± 0.35) 
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Table 5.19. Experimental results obtained by Drop calorimetry for [DBUH][nHeptCOO], experiment 1 (M = 
296.44 g.mol-1; m = 0.53223 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.29. Experimental results obtained by Drop calorimetry for [DBUH][nHeptCOO], experiment 1. – 
(red line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.44 293.19 10.25 0.169282 622.69 
2 303.41 293.22 10.19 0.169589 623.82 
3 303.43 293.21 10.22 0.169238 622.53 
4 303.43 293.19 10.24 0.169436 623.25 
5 303.44 293.20 10.24 0.169583 623.79 
6 303.43 293.20 10.24 0.169372 623.02 
7 303.43 293.21 10.21 0.169081 621.95 
8 303.41 293.20 10.21 0.169017 621.71 
9 303.42 293.21 10.21 0.169230 622.50 
10 303.44 293.20 10.24 0.169579 623.78 
11 303.41 293.20 10.21 0.169140 622.16 
12 303.44 293.20 10.25 0.169441 623.27 
13 303.40 293.21 10.19 0.169478 623.41 
14 303.40 293.21 10.19 0.169153 622.21 
15 303.43 293.22 10.21 0.169322 622.84 
16 303.43 293.21 10.22 0.169286 622.70 
17 303.46 293.22 10.24 0.169420 623.19 
Cp (298.15 K) / J.K-1.mol-1= (622.87 ± 0.46) 
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Table 5.20. Experimental results obtained by Drop calorimetry for [DBUH][nHeptCOO], experiment 2 (M = 
296.44 g.mol-1; m = 0.53123 g; ε = 6.6040 W.V-1). 
Acorr = (Aampoule+sample – Aampoule). Aampoule is presented in table 5.3. 
 
 
Figure 5.30. Experimental results obtained by Drop calorimetry for [DBUH][nHeptCOO], experiment 2. – 
(red line) value obtained for Cp at 298.15 K. – (blue lines) error lines obtained for Cp at 298.15 K. 
 
Ndrop Tfurnace / K Tcalorimeter / K ∆T / K Acorr / V.s.K-1 Cp (298.15 K) / J.K-1.mol-1 
1 303.47 293.21 10.26 0.168872 622.35 
2 303.47 293.20 10.27 0.168935 622.58 
3 303.45 293.19 10.26 0.168912 622.50 
4 303.42 293.19 10.23 0.168864 622.32 
5 303.42 293.19 10.23 0.168596 621.33 
6 303.37 293.19 10.18 0.168814 622.14 
7 303.36 293.19 10.17 0.168289 620.20 
8 303.34 293.20 10.14 0.168310 620.28 
9 303.37 293.21 10.16 0.168694 621.69 
10 303.37 293.19 10.18 0.168125 619.59 
11 303.38 293.20 10.18 0.168710 621.75 
12 303.38 293.20 10.18 0.168353 620.43 
13 303.38 293.20 10.18 0.168499 620.97 
14 303.34 293.20 10.14 0.168478 620.90 
15 303.34 293.20 10.14 0.168108 619.53 
16 303.33 293.19 10.13 0.168409 620.64 
17 303.34 293.19 10.14 0.168018 619.20 
Cp (298.15 K) / J.K-1.mol-1= (621.08 ± 0.64) 
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Table 5.21. Experimental results obtained with by Drop calorimetry for each compound, at T = 298.15 K. 
Compound       Ndrop           M / g.mol-1      Cp (298.15 K) / J.K-1.mol-1 
DBN 12 124.18 210.75 ± 0.21 
DBU 10 152.24 264.11 ± 0.23 
[DBNH][EtCOO] 30 198.26 374.26 ± 0.25 
[DBNH][nPrCOO] 44 212.29 406.39 ± 0.29 
[DBNH][nPentCOO] 21 240.34 474.91 ± 0.35 
[DBNH][nHeptCOO] 35 268.40 545.17 ± 0.34 
[DBUH][EtCOO] 33 226.32 452.27 ± 0.31 
[DBUH][nPrCOO] 34 240.34 489.38 ± 0.34 
[DBUH][nPentCOO] 18 268.40 553.49 ± 0.35 
[DBUH][nHeptCOO] 34 296.44 621.98 ± 0.55 
       Ndrop – number of drops.  For all compounds, the presented value is the average value of all experiments. 
 
Table 5.21 presents the obtained heat capacities at T = 298.15 K results for each 
compound. Figure 5.31 shows the plots of Cp at T = 298.15 K as a function of the chain 




Figure 5.31. Molar heat capacities, at T = 298.15 K, for DBN-based protic ionic liquids (●) and DBU-based 
protic ionic liquids (♦), as a function of the alkyl chain length of the acid, n. Figure 5.32. Obtained 
residuals, for DBN-based protic ionic liquids (●) and DBU-based protic ionic liquids (♦), as a function of the 
alkyl chain length of the acid, n. 
 
At T = 298.15 K, the molar heat capacities of the DBN-based protic ionic liquids 
are around 80 J·K-1·mol-1 lower than those of the DBU-based protic ionic liquids, which 
reflects the lower molar heat capacity contribution of the DBN base when compared to 
DBU. The higher heat capacity contribution of the DBU base is partially due to the 
higher number of atoms when compared to DBN. The value per -CH2- increase in the 
y = 270.32 + 34.26.n 
r2 = 0.9997 
  
y = 352.66 + 33.64.n 
r2 = 0.9993 
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acid (for DBN-based PILs is 34.26 ± 0.36 J·K-1·mol-1 and for DBU-based is 33.64 ± 0.50 
J·K-1·mol-1) is quite similar to AILs and alkanes (around 33 J·K-1·mol-1). [5.15] With the 
obtained results and the Cp,m
0
 literature values for the carboxylic acids (Cp (298.15 K) 
propionic acid: 158.60 J.K-1.mol-1 [5.41]; Cp (298.15 K) butyric acid: 177.70 J.K-1.mol-1 
[5.42]; Cp (298.15 K) pentanoic acid: 197.00 J.K-1.mol-1 [5.43]; Cp (298.15 K) hexanoic 
acid: 225.10 J.K-1.mol-1 [5.44]; Cp (298.15 K) heptanoic acid: 267.31 J.K-1.mol-1 [5.45];  Cp 
(298.15 K) octanoic acid: 297.92 J.K-1.mol-1 [5.46]), the excess molar heat capacities, 
Cp,m
0
 (excess),  were calculated and discussed. Figure 5.33 shows the calculated Cp,m
0
 
as a function of the size of the acid (region A for shorter acids and region B for longer 
acids). There is a trend shift for longer acids (region B), which is related not only with 
some structural change in the PIL at the supramolecular level, but also with the trend 
shift that also occurs in the heat capacity values of the carboxylic acids (figure 5.34). 
The Cp,m
0




 (excess) = Cp,m
0
 (PIL) – (Cp,m
0
 (Base) + Cp,m
0
 (Acid)) (5.17) 
 
 After n = 5, the Cp,m
0













Figure 5.33. Excess molar heat capacities at T = 298.15 K, for the 1:1 PIL mixtures of DBN-based protic 
ionic liquids (●) and DBU-based protic ionic liquids (♦). Figure 5.34. Molar heat capacities at T = 298.15 K, 
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5.3.3. Temperature dependency of heat capacities 
After the measurement of the heat capacity values of PILs and respective 
superbases at T = 298.15 K, the temperature dependence of the heat capacities was 
studied. This sub-chapter presents the obtained results for the superbases and PILs at 
different temperatures, between 283 and 363 K, obtained using the µDSC apparatus. 
The method used was the step method, previously described in this chapter. Tables 
5.22 to 5.31 present the experimental results obtained for the compounds studied, and 
figures 5.36 to 5.55 show the results and the deviation between the calculated and the 
experimental Cp (T).  
In all measurements the same methodology was used. This method consists in 
the combination of three different measurements (in all steps, an empty reference cell is 
measured simultaneously): 
 
i)  A blank measurement with an empty sample cell (the obtained peak area is AB); 
ii) A measurement where the sample cell is filled with the reference material, in this 
case, sapphire (the obtained peak area Asapp), with known heat capacity (Cp,sapp); 
iii) And a final measurement where the sample cell is filled with the sample (the 
obtained peak area - As). For each studied compound, three concordant experiments 
were made.  
 
A graphical representation of this methodology can be seen in figure 5.35:
 
Figure 5.35. Graphical representation of the three-step method used in the measurements. 
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Table 5.22. Experimental results obtained by µDSC for DBN. The presented values of Cp (T) and ∆T are 





























Figure 5.36. Experimental results obtained for DBN using µDSC. – (green line) values for Cp at different 
temperatures using the polynomial equation presented above. Figure 5.37. Deviation between the 
polynomial fitting of Cp (T) and the individual values obtained experimentally (three independent series of 





















T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 198.9 4.9942 
288.15 203.0 4.9973 
293.15 207.0 5.0010 
298.15 210.9 5.0011 
303.15 214.7 5.0011 
308.15 218.5 5.0007 
313.15 222.2 5.0007 
318.15 225.9 4.9999 
323.15 229.4 4.9997 
328.15 232.9 4.9991 
333.15 236.3 5.0019 
338.15 239.3 4.9991 
343.15 242.9 5.0004 
348.15 246.2 5.0008 
353.15 249.3 5.0061 
358.15 252.4 5.0001 
363.15 255.5 5.0009 
y = -144.09 + 1.6056.T - 0.001392.T2 
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Table 5.23. Experimental results obtained by µDSC for DBU. The presented values of Cp (T) and ∆T are 













Figure 5.38. Experimental results obtained for DBU using µDSC. – (green line) values for Cp at different 
temperatures using the polynomial equation presented above. Figure 5.39. Deviation between the 
polynomial fitting of Cp (T) and the individual values obtained experimentally (three independent series of 




T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 252.7 5.0014 
288.15 256.5 5.0012 
293.15 260.3 5.0012 
298.15 264.0 5.0012 
303.15 267.6 5.0015 
308.15 271.1 5.0016 
313.15 274.6 5.0017 
318.15 277.9 5.0018 
323.15 281.3 5.0019 
328.15 284.4 5.0028 
333.15 287.6 5.0027 
338.15 290.6 5.0034 
343.15 293.6 5.0038 
348.15 296.5 5.0039 
353.15 299.3 5.0041 
358.15 302.0 5.0040 
363.15 304.7 5.0049 
y = -95.73 + 1.6831.T – 0.001599.T2 
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Table 5.24. Experimental results obtained by µDSC for [DBNH][EtCOO]. The presented values of Cp (T) 












Figure 5.40. Experimental results obtained for [DBNH][EtCOO] using µDSC. – (green line) values for Cp 
at different temperatures using the polynomial equation presented above. Figure 5.41. Deviation between 
the polynomial fitting of Cp (T) and the individual values obtained experimentally (three independent series 





T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 354.9 5.0008 
288.15 360.9 5.0009 
293.15 366.9 4.9983 
298.15 372.7 5.0014 
303.15 378.4 5.0013 
308.15 384.0 5.0019 
313.15 389.6 5.0015 
318.15 395.0 5.0013 
323.15 400.4 5.0017 
328.15 405.7 5.0020 
333.15 411.0 5.0018 
338.15 416.2 5.0023 
343.15 421.4 5.0023 
348.15 426.5 5.0024 
353.15 431.6 5.0028 
358.15 436.6 5.0029 
363.15 441.6 5.0034 
y = -88.97 + 1.9491.T – 0.001345.T2 
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Table 5.25. Experimental results obtained by µDSC for [DBNH][nPrCOO]. The presented values of Cp (T) 














Figure 5.42. Experimental results obtained for [DBNH][nPrCOO] using µDSC. – (green line) values for Cp 
at different temperatures using the polynomial equation presented above. Figure 5.43. Deviation between 
the polynomial fitting of Cp (T) and the individual values obtained experimentally (three independent series 




T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 390.8 4.9934 
288.15 396.3 4.9985 
293.15 401.7 5.0007 
298.15 407.0 5.0016 
303.15 412.3 5.0011 
308.15 417.4 5.0011 
313.15 422.5 5.0006 
318.15 427.5 5.0005 
323.15 432.5 5.0007 
328.15 437.3 5.0000 
333.15 442.1 5.0007 
338.15 446.9 5.0008 
343.15 451.6 5.0010 
348.15 456.2 5.0010 
353.15 460.8 5.0003 
358.15 465.4 5.0008 
363.15 470.0 5.0003 
y = -21.29 + 1.8215.T – 0.001292.T2 
FCUP 
Chapter 5 – Phase Behavior and Heat capacities of Protic Ionic Liquids 
129 
 
Table 5.26. Experimental results obtained by µDSC for [DBNH][nPentCOO]. The presented values of Cp 













Figure 5.44. Experimental results obtained for [DBNH][nPentCOO] using µDSC. – (green line) values for 
Cp at different temperatures using the polynomial equation presented above. Figure 5.45. Deviation 
between the polynomial fitting of Cp (T) and the individual values obtained experimentally (three 




T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 459.5 5.0015 
288.15 464.5 5.0012 
293.15 469.4 5.0012 
298.15 474.3 5.0010 
303.15 479.0 5.0012 
308.15 483.6 5.0010 
313.15 488.2 5.0013 
318.15 492.7 5.0011 
323.15 497.2 5.0016 
328.15 501.5 5.0017 
333.15 505.8 5.0022 
338.15 510.0 5.0022 
343.15 514.1 5.0026 
348.15 518.2 5.0029 
353.15 522.1 5.0036 
358.15 526.0 5.0033 
363.15 529.9 5.0047 
y = 51.10 + 1.8818.T – 0.001552.T2 
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Table 5.27. Experimental results obtained by µDSC for [DBNH][nHeptCOO]. The presented values of Cp 












Figure 5.46. Experimental results obtained for [DBNH][nHeptCOO] using µDSC. – (green line) values for 
Cp at different temperatures using the polynomial equation presented above. Figure 5.47. Deviation 
between the polynomial fitting of Cp (T) and the individual values obtained experimentally (three 




T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 529.0 5.0048 
288.15 533.8 5.0022 
293.15 538.6 5.0032 
298.15 543.2 5.0005 
303.15 547.7 5.0014 
308.15 552.2 5.0023 
313.15 556.5 5.0009 
318.15 560.8 5.0013 
323.15 564.9 5.0014 
328.15 569.0 5.0012 
333.15 573.0 5.0015 
338.15 576.9 5.0016 
343.15 580.8 5.0045 
348.15 584.6 5.0008 
353.15 588.4 5.0012 
358.15 592.0 5.0013 
363.15 595.6 5.0012 
y = 126.20 + 1.8845.T – 0.001630.T2 
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Table 5.28. Experimental results obtained by µDSC for [DBUH][EtCOO]. The presented values of Cp (T) 


















Figure 5.48. Experimental results obtained for [DBUH][EtCOO] using µDSC. – (green line) values for Cp 
at different temperatures using the polynomial equation presented above. Figure 5.49. Deviation between 
the polynomial fitting of Cp (T) and the individual values obtained experimentally (three independent series 







T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 437.1 4.9879 
288.15 442.1 4.9950 
293.15 447.1 4.9999 
298.15 451.9 5.0012 
303.15 456.6 5.0005 
308.15 461.2 5.0004 
313.15 465.8 5.0008 
318.15 470.2 5.0008 
323.15 474.6 5.0006 
328.15 478.9 5.0010 
333.15 483.2 5.0010 
338.15 487.4 5.0005 
343.15 491.6 5.0007 
348.15 495.7 5.0007 
353.15 499.7 5.0012 
358.15 503.8 5.0009 
363.15 507.8 5.0009 
y = 49.59 + 1.7508.T – 0.001348.T2 
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Table 5.29. Experimental results obtained by µDSC for [DBUH][nPrCOO]. The presented values of Cp (T) 












Figure 5.50. Experimental results obtained for [DBUH][nPrCOO] using µDSC. – (green line) values for Cp 
at different temperatures using the polynomial equation presented above. Figure 5.51. Deviation between 
the polynomial fitting of Cp (T) and the individual values obtained experimentally (three independent series 





T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 474.3 4.9883 
288.15 478.8 4.9952 
293.15 483.2 4.9998 
298.15 487.5 5.0007 
303.15 491.7 5.0009 
308.15 495.9 5.0006 
313.15 500.0 5.0009 
318.15 504.0 5.0006 
323.15 507.9 5.0009 
328.15 511.8 5.0007 
333.15 515.6 5.0010 
338.15 519.4 5.0012 
343.15 523.1 5.0008 
348.15 526.7 5.0007 
353.15 530.3 5.0006 
358.15 533.9 5.0003 
363.15 537.4 5.0009 
y = 118.57 + 1.6230.T – 0.001294.T2 
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Table 5.30. Experimental results obtained by µDSC for [DBUH][nPentCOO]. The presented values of Cp 












Figure 5.52. Experimental results obtained for [DBUH][nPentCOO] using µDSC. – (green line) values for 
Cp at different temperatures using the polynomial equation presented above. Figure 5.53. Deviation 
between the polynomial fitting of Cp (T) and the individual values obtained experimentally (three 




T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 540.7 4.9955 
288.15 545.2 4.9983 
293.15 549.6 5.0014 
298.15 554.0 5.0017 
303.15 558.2 5.0011 
308.15 562.3 5.0009 
313.15 566.3 5.0009 
318.15 570.3 5.0011 
323.15 574.2 5.0008 
328.15 577.9 5.0011 
333.15 581.6 5.0009 
338.15 585.3 5.0010 
343.15 588.9 4.9972 
348.15 592.4 5.0012 
353.15 595.8 5.0009 
358.15 599.2 5.0001 
363.15 602.5 5.0044 
y = 156.49 + 1.8144.T – 0.001615.T2 
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Table 5.31. Experimental results obtained by µDSC for [DBUH][nHeptCOO]. The presented values of Cp 














Figure 5.54. Experimental results obtained for [DBUH][nHeptCOO] using µDSC. – (green line) values for 
Cp at different temperatures using the polynomial equation presented above. Figure 5.55. Deviation 
between the polynomial fitting of Cp (T) and the individual values obtained experimentally (three 
independent series of experiments) for [DBUH][nHeptCOO]. 
 
  
T/ K Cp (T) / J.K-1.mol-1 ∆T 
283.15 607.5 4.9870 
288.15 611.3 4.9946 
293.15 615.1 4.9998 
298.15 618.8 5.0014 
303.15 622.3 5.0010 
308.15 625.7 5.0012 
313.15 629.0 5.0008 
318.15 632.4 5.0009 
323.15 635.5 5.0008 
328.15 638.5 5.0011 
333.15 641.5 5.0008 
338.15 644.5 5.0013 
343.15 647.4 5.0011 
348.15 650.2 5.0011 
353.15 652.9 5.0020 
358.15 655.6 5.0009 
363.15 658.2 4.9906 
y = 261.68 + 1.6825.T – 0.001627.T2 
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Table 5.32. Experimental results obtained with the two methods for each compound, at T = 298.15 K. 
Compound M / g.mol-1 
Drop 
Cp (298.15 K)  
µDSC  
Cp (298.15 K)  
Sr / % 
DBN 124.18 210.75 ± 0.21 210.9 ± 2.1 0.07 
DBU 152.24 264.11 ± 0.23 264.0 ± 2.6 -0.04 
[DBNH][EtCOO] 198.26 374.26 ± 0.25 372.7 ± 3.7 -0.42 
[DBNH][nPrCOO] 212.29 406.39 ± 0.29 407.0 ± 4.1 0.15 
[DBNH][nPentCOO] 240.34 474.91 ± 0.35 474.3 ± 4.7 -0.13 
[DBNH][nHeptCOO] 268.40 545.17 ± 0.34 543.2 ± 5.4 -0.36 
[DBUH][EtCOO] 226.32 452.27 ± 0.31 451.9 ± 4.5 -0.08 
[DBUH][nPrCOO] 240.34 489.38 ± 0.34 487.5 ± 4.9 -0.38 
[DBUH][nPentCOO] 268.40 553.49 ± 0.35 554.0 ± 5.5  0.09 
[DBUH][nHeptCOO] 296.44 621.98 ± 0.55 618.8 ± 6.2 -0.51 
Sr = 100
.((Cp µDSC - Cp Drop) / Cp µDSC. For all compounds, the presented value is the average value of all experiments. 
Heat capacity values at J.K-1.mol-1. 
 
Table 5.32 presents the experimental results, at T = 298.15 K, obtained with the 
two methods, drop calorimetry and micro-differential scanning calorimetry. As can be 
seen with the values of ∆Cp between both methods, the results are in excellent 
agreement. The experimental heat capacities of the condensed phases obtained in this 
work are presented in figures 5.56 and 5.57. The heat capacity values for both PILs 
families are quite similar in slope, which was expected since both superbases are quite 
similar. 
 
Figure 5.56. Experimental results obtained by µDSC for all DBN-based protic ionic liquids. ● – 
[DBNH][EtCOO]; ● – [DBNH][nPrCOO]; ● – [DBNH][nPentCOO]; ● – [DBNH][nHeptCOO]. Figure 5.57. 
Experimental results obtained by µDSC for all DBU-based protic ionic liquids. ◊ – [DBUH][EtCOO]; ◊ – 
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In the experimental temperature range the experimental results could be well 
described by a polynomial temperature-dependence (applied for each individual IL) as 
follows: 
                         
Cp (T) /J∙K-1∙mol-1   = a + b·T + c ·T
2                            (5.14)     
  
The fitted coefficients, a, b and c of equation 5.14 are listed in table 5.33.  
 
Table 5.33. Fitted polynomial parameters, a, b and c of equation 5.13 for the compounds studied. 
Compound T range / K a / J.K-1.mol-1 b / J.K-2.mol-1 c / J.K-3.mol-1 Sr / % 
DBN 283-363 -144.09 1.6056 -0.001392 0.37 
DBU 283-363 -95.73 1.6831 -0.001599 0.06 
[DBNH][EtCOO] 283-363 -88.97 1.9491 -0.001345 1.51 
[DBNH][nPrCOO] 283-363 -21.29 1.8215 -0.001292 0.21 
[DBNH][nPentCOO] 283-363 51.10 1.8818 -0.001552 1.07 
[DBNH][nHeptCOO] 283-363 126.20 1.8845 -0.001630 0.58 
[DBUH][EtCOO] 283-363 49.59 1.7508 -0.001348 1.21 
[DBUH][nPrCOO] 283-363 118.57 1.6230 -0.001294 0.13 
[DBUH][nPentCOO] 283-363 156.49 1.8144 -0.001615 0.29 
















  −  






, where n is the number of fitted data points, and m is the number 
of independently adjustable parameters. Standard pressure (p0 = 105 Pa). Standard uncertainties, u, are u(T) = 0.02 K, at 
the 0.95 confidence level (k ≈ 2). 
 
 
Due to the short temperature range (283-363 K) it was observed a linear 
dependence of the heat capacities with T and n. In this way, the equations 5.15 and 
5.16 were derived for the [DBN][CnOOH] and [DBUH][CnOOH] PIL series, where, “n” is 
the total number of carbons in the carboxylic acid. Using a simple and linear functional 
in the form of: k + ln + mT, the molar heat capacity of the PILs studied can be described 
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For DBN-based PILs: 
 
 
  Cp (n,T) /J∙K-1∙mol-1   = -4.5504 + 32.84·n + 0.9438·T  (5.15) 
 
 
And for DBU-based PILs: 
 
 





Figure 5.58. Predicted molar heat capacities at T = 298.15 K versus the experimental results obtained 
using the µDSC, for the 1:1 PIL mixtures of DBN-based protic ionic liquids (●) and DBU-based protic ionic 
liquids (♦). Figure 5.59. Deviation of the predicted results all protic ionic liquids. ● – [DBNH][EtCOO]; ● – 
[DBNH][nPrCOO]; ● – [DBNH][nPentCOO]; ● – [DBNH][nHeptCOO]. ◊ – [DBUH][EtCOO]; ◊ – 
[DBUH][nPrCOO]; ◊ – [DBUH][nPentCOO]; ◊ – [DBUH][nHeptCOO]. 
 
Figures 5.58 and 5.59 present the relation between the predicted heat capacities 
(using equations 5.15 and 5.16) and the obtained experimentally using the μDSC and 
the respective deviation in %. With these equations the heat capacity values of other 
PILs studied in this work were estimated: Cp (298.15 K) [DBNH][nButCOO]: 441.04 J.K-
1.mol-1; Cp (298.15 K) [DBNH][nHexCOO]: 506.72 J.K-1.mol-1; Cp (298.15 K) 
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6. Speciation of Protic Ionic Liquids 
After the phase behavior study and the heat capacity measurements at T = 
298.15K and several temperatures, the speciation topic in PILs is presented in this 
chapter. Considering the vapor pressures measurements at a specific temperature and 
how it varies with time for the same sample, this effect was studied in detail and for the 
first time, the equilibrium proportion of acid and base was determined and correlated with 
acid and base strength. 
 
6.1. Fundamentals  
 
As told in previously, protic ionic liquids (PILs) are ionic liquids (ILs) that can be 
prepared by mixing relatively strong Brönsted acids and bases in stoichiometric 
proportions. [6.1-6.3] However, while the typical aprotic ILs are virtually composed solely 
of ions, PILs may also contain significant quantities of neutral species due to an 
incomplete acid-base reaction. [6.1-6.3] For this reason, PILs are often categorized as 
“poor ionic liquids” and their properties can deviate significantly from those of aprotic ILs. 
[6.1-6.4] It was found that the extent of proton transfer in PILs correlates well with the 
ΔpKa between acid and base, with larger differences yielding larger proportions of ions in 
the liquid phase. [6.3-6.4] However, this approach has the limitation of predicting the 
extent of the reaction based on the information of pKa in different media, like in water or 
acetonitrile. [6.1-6.3] A correct evaluation of acid and base strength should be done in 
the PIL medium, where the proton transfer equilibrium is established. In PILs the 
existence of neutral molecular species reduces ionicity (fraction of ions in the liquid that 
can effectively conduct electricity) and consequently the ionic conductivity. [6.2, 6.5-6.7] 
The extent of the acid-base equilibrium in PILs adds complexity to the system regarding 
their properties and speciation, i.e. the molar fraction of all species (molecules, ions and 
ion pairs) in equilibrium at a given set of conditions.  
As already seen in Chapter 2, due to their peculiar properties, PILs have found a 
vast display of applications, such as in: cellulose extraction, CO2 absorption, organic and 
inorganic synthesis (as solvents, reactants and catalysts), lubrification, biochemistry, 
electrochemistry, among others. [6.1, 6.2, 6.8-6.10] Throughout this chapter, the PILs, 
composed of conjugate acid BH+ and conjugate base A−, are generally denoted as 
[BH][A] It was found that the acid/base equilibrium composition of PILs can deviate 
significantly from the 50:50 molar ratio. Some authors have already reported that the 
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drying of PILs can lead to nonstoichiometric mixtures enriched in the less volatile 
component. [6.2] Burrel et al. have reported the formation of PIL biphasic mixtures 
consisting of an acid-rich phase and another of unreacted neutral base. [6.11] For the 
PIL of acetic acid with N-methylpyrrolidine, another work has shown higher ionicity for 
the 3:1 acid/base molar ratio than for the 1:1 mixture. [6.12] Canongia Lopes and Rebelo 
have addressed the question of azeotropy in PILs, anticipating that the azeotropic 
composition of “weak” PILs (with high proportion of neutral species), will shift 
considerably from the stoichiometric 50:50. [6.4] However, to the best of my knowledge, 
a systematic experimental approach tackling azeotrope formation in PILs is still lacking. 
The vapor pressures of the studied protic ionic liquids were measured as a 
function of time using a Knudsen effusion apparatus combined with a quartz crystal 
microbalance, KEQCM. Based on the results, the speciation phenomenon in protic ionic 
liquids was studied in detail and the results are presented and discussed in this chapter. 
The installation used is a combination of the Knudsen effusion technique and an in-
vacuum quartz crystal microbalance for real-time mass loss detection, already described 
in detail in the literature. [6.13-6.14] In a typical KEQCM experiment, the measurement of 
the equilibrium vapor pressure at a given temperature, T, is achieved by the vapor 
effusion through the orifice of an effusion cell and condensation of a fraction of the vapor 
on the surface of the cooled quartz crystal microbalance, placed above the effusion cell, 
as depicted in figure 6.1. This apparatus comprises two mass loss detection techniques, 
gravimetric and quartz crystal microbalance: the weighed mass of the effusion cell before 
and after the respective experiment, and the change of the crystal's resonant frequency 
as the vapor condenses on its surface. The combination of these two mass loss 
detection techniques presents several advantages, e.g. short effusion times; small 
sample sizes; real-time monitoring of the effusion experiment. 
 
FCUP 




Figure 6.1. Schematic representation of the mass flow of vapor in a typical KEQCM experiment. [adapted 
from source [6.14]) 
 
6.1.1. Knudsen effusion method 
Martin Knudsen published in 1909 the development of a vapor pressure 
measurement method based on the experimental observation of some effects of the 
Kinetic Theory of Gases on the analysis of the gas behavior at low pressures. [6.15, 
6.19-6.21] This was the first study designed to test the consequences of this theory, 
where two cylindrical tubes and low pressures were used, in order to consider a 
molecular flow, in which the molecules of the gas can move freely, without mutual 
interference. Under these conditions, Knudsen concluded that the direction in which a 
molecule rebounds from a solid wall is independent of the direction in which it 
approaches the wall and is ruled by the Lambert's cosine law. [6.15, 6.19-6.21] 
Nowadays, Knudsen effusion is one of the most widely used methods for measuring 
vapor pressures. This method is based on the measurements of the effusion rate, eff, of 
the vapor inside the effusion cell, in thermal equilibrium, through a small orifice of well-








Effusion cell  
Quartz crystal microbalance 
Vacuum chamber 
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According to the Kinetic Theory of Gases, and considering the collision frequency 
of the gaseous molecules with the wall, Zwall, with an orifice of known area, Ao, the 
effusion rate of the vapor inside the effusion cell can be calculated using the equation 
6.1: 
 eff o wall o o o
(2 )
Ap NdNv w Z A w A
dt R T M

= =   =  
   
 (6.1) 
Where, (dN / dt) is the number of molecules, N, effusing from the cell in a time 
interval, dt, wo represents the transmission probability factor, and p is the pressure inside 
the effusion cell. Considering that (N / NA) = n and (m / M) = n, and solving for p, the 





w A t M
   
= 
 
      (6.2) 
Since the effusing orifice has a finite thickness, l, there is the possibility of a small 
fraction of the effusing molecules to hit the orifice walls, after in which they can continue 
their way out of the cell or go back inside the cell. It is important to evaluate the fraction 
of gaseous molecules that effuse through the cell orifice, so, in this work the wo value 











= +  
  
       (6.3) 
Where r is the orifice radius.  
The characteristics of the effusion orifices used in the effusion cell of the KEQCM 
installation are listed in table 6.1. 
 
Table 6.1. Areas and transmission probability factors of the effusion orifices.  
Effusion cell l / r  r / mm Ao / mm2 wo 
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Effusion Cell and Evaluation of the Orifice Area and Roughness  
 
 The most crucial part of a Knudsen effusion cell is the effusion orifice. In this 
apparatus the cell is made of a platinum disk, in order to minimize the effect of thermal 
expansion and to maximize the shape stability, as well as to avoid chemical reactivity. 
The platinum disk (diameter 21 mm and thickness 0.050 mm) is placed in the aluminum 
lid and compressed with a brass disk and ring, according to the scheme presented in 
figure 6.2. The platinum disk was acquired from Metal Goodfellow, where the circular 
orifice (diameter 1.2 mm) was made using a patented technology of the company, 
according to our specifications. The size and roughness of the platinum disk’s orifice 
were evaluated using an optical microscope Leica, model M205 C, connected to a digital 
camera Leica, model DFC295, with a metric linear resolution of 0.002 mm, calibrated 
with an optical scale of (2.000 ± 0.002) mm. The effusion orifice diameter was found to 
be (1.199 ± 0.004) mm, and the orifice circular regularity was better than 0.3%, with a 
maximum observed wall roughness of 0.01 mm.  
 
 
Figures 6.2 and 6.3. Side and top views of the effusion cell: a - brass ring; b - brass disk; c - platinum disk; d 






27 mm Side view 
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6.2. Experimental methodologies 
6.2.1. Knudsen effusion quartz crystal microbalance - KEQCM 
Apparatus 
The Knudsen effusion apparatus combined with a quartz crystal microbalance, 
KEQCM, was constructed and tested in our laboratory and was previously described in 
detail. [6.13-6.14]   
 Basically, KEQCM consist of four main parts: 
Vacuum pumping system and vacuum chamber; 
Temperature measurement and control; 
Quartz crystal microbalance; 
Data acquisition and control. 
The KEQCM is schematically represented in figure 6.4.  
 
Figure 6.4. Schematic representation of the Knudsen effusion apparatus combined with a quartz crystal 
microbalance. a - vacuum chamber; b – cold trap; c - quartz crystal microbalance; d – aluminum block 
(oven); e - Varian high vacuum gauge model Cold cathode; f - Varian vacuum gauge model ConvetTorr; g - 
gas admittance valve; h - oil diffusion pump (Ilmvac model PDH100); i - butterfly valve; j – two-ways valve; k 
- rotary pump (Alcatel model Pascal 2010SD); l - CC2C SenTorr reader and vacuum controller; m - PID 
temperature controller (Omron model E5AR); n - Digital Multimeter (Keithley model 2010, 7½ digit resolution) 
; o - high accurate crystal impedance meter (Agilent model E4915A); p - computer; q - quartz crystal 
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Vacuum pumping system and vacuum chamber 
The vacuum pumping system (figure 6.5) consists of a rotary vane pump (Alcatel 
model Pascal 2010SD), which is used to pre-evacuate the system and to support an oil 
diffusion pump (Ilmvac model PDH100). The chamber pressure is monitored using two 
pressure sensors, a Varian vacuum gauge model ConvetTorr for pressures above (1×10-
1) Pa and a Varian high vacuum gauge model Cold cathode for the high vacuum stage. 
Connected to the vacuum pumping system is the vacuum chamber, which is basically a 
cylindrical chamber, containing a quartz crystal microbalance positioned above the 
aluminum block (oven), wherein the effusion cell is placed.  
 
Figure 6.5. Schematic representation of the vacuum chamber: a) Pt100 for temperature measurement; b) 
Pt100 for temperature control; c) aluminium cylinder block and heaters; d) cell cavity and Knudsen cell; e) 
pressing disc; f) quartz crystal microbalance’s head; g) quartz crystal’s cooling liquid circulators; h) oven’s 
cooling connector; i) vacuum chamber trap; j) vacuum chamber trap’s cooling liquid circulators; k) forced-air 
coolers. [6.24] 
150 FCUP 
Chapter 6 – Speciation of Protic Ionic Liquids 
 
Temperature measurement and control 
The temperature of the aluminum block (oven) is measured using a platinum 
resistance thermometer, Pt100 class 1/10. The temperature sensor, which is used to 
measure the temperature during the experiment, is positioned at the center of the block, 
in close proximity to the base of the cavity containing the effusion cell. The temperature 
is controlled within a temperature fluctuation of ± (1×10-2) K, measured with a resolution 
better than 1×10-3 K and with an overall uncertainty lower than ± (2×10-2) K in the 
working temperature range.  
 
Quartz crystal microbalance 
The quartz crystal microbalance is based on a commercial Inficon - Maxtek liquid 
cool drawer single sensor head and feedthrough model CDS-A0F38. The quartz crystal 
is placed in a circular support, where the surface of the crystal is exposed to the 
condensation of the compound, as illustrated in figure 6.6. The refrigeration of the 
microbalance is achieved by means of a cooled circulator bath, Huber, model CC1-K6, in 
order to maintain the system at low temperatures, (T ≈ 266.0 ± 0.5) K. The quartz crystal 
resonance frequency is measured using a highly accurate crystal impedance meter, 
Agilent model E4915A, in a network analyzer resonator measuring mode.  
 
Figure 6.6. Technical drawing of the quartz crystal microbalance used in KEQCM. A − bottom view: 1 − o-
ring; 2 − refrigeration; 3 − coaxial cable; 4 − quartz crystal support; 5 − quartz crystal. B − side view. 
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Data acquisition and control 
The software of the instrument was developed [6.13] in LABVIEW 8.2, which is 
used for programming, control and data acquisition of the KEQCM. The program of the 
temperature profile in the PID temperature controller and the acquisition of the vacuum 
data from the Varian is done using an RS485 interface. The programming and data 
acquisition of the 7½ digit resolution digital multimeter (Keithley, model 2010) is 




The purified PILs were studied by Knudsen effusion by placing ~200/300 mg of 
each PIL in the Knudsen effusion cell, which was kept in an oven at a fixed temperature 
(T = 306.2 ± 0.1 K), and under high vacuum (p < 10−3 Pa), in runs of 1 to 6 hours.   
 
Figure 6.7. Schematic representation of the adopted experimental strategy. 
 
Successive Knudsen experiments at these conditions were carried out, being 
verified that the apparent equilibrium vapor pressure (proportional to the mass flow of 
PIL effused from the cell) decreases with each run until it stabilizes at some point, the 
pequilibrium, figure 6.7.After each individual run, a sample of the PIL in the Knudsen cell was 
collected for evaluation of the acid/base molar ratio by NMR, being verified that the PIL 
in the cell continuously becomes richer in acid, until the equilibrium composition is 
reached. This was made considering the integration of each NMR peak and their 
correspondent deviations.  
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Figure 6.8. Schematic representation of the time evolution of the liquid and gas phase composition until 
formation of the azeotrope mixture [xHA(l) = x HA(g)]. 
 
Figure 6.8 shows a schematic representation of the time evolution of the liquid 
and gas phase composition until the formation of the azeotrope mixture and figure 6.9 
depicts an example of the decrease in the measured vapor pressure during successive 
Knudsen runs for one PIL, in this case [DBNH][nPentCOO], alongside with the 
corresponding acid/base molar ratio at the end of each run, as evaluated by 1H NMR. 
 
Figure 6.9. Example of a plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the 
progressive decrease of the measured vapor pressure in successive Knudsen runs of [DBNH][nPentCOO], 
and the observed base:acid (B:A) proportion ratio (inside the Knudsen effusion cell) at the end of each run. 
Equilibrium zone 
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6.3. Results and discussion 
 The results obtained for the PILs studied are presented in tables 6.2 to 6.20. The 
experiment number, mass effused ∆m, time of effusion tef, calculated vapor pressure p, 
fraction of base and acid in % xB:xA, and the molar effusion rates ∆n/tef are presented in 
detail for each experiment. 
The 1H NMR spectrum of the last Knudsen experiment for each PIL, the plot of p 
vs effusion time and a plot of the calculated molar effusion rates for each experiment are 
presented in figures 6.10 to 6.55.  
Note that the vapor pressures presented in tables and figures are not the vapor 
pressures at the end of the experiment but an average vapor pressure of all the 
experiment at the studied temperature T. The figures serve as a guide to understand 
how the vapor pressures decrease as the PIL stabilizes and reaches equilibrium. xB:xA 
are the molar fractions, in %, of base (B) and acid (A) after each experiment. The term 
∆n . tef -1 is the molar effusion rate of base (B, left value) or acid (A, right value) in each 
experiment, where ∆n = 𝑥i ∙ (𝑚i ?̂?𝑀) −⁄ 𝑥f ∙ (𝑚f ?̂?𝑀)⁄ , xi and xf are the molar fractions of 
acid or base at the beginning and end of each experiment, mi and mf are the initial and 
final masses of PIL sample in the Knudsen cell, ?̂?𝑀 the average molar mass calculated 
as ?̂?𝑀 =  𝑥acid ∙ 𝑀M,acid + 𝑥base ∙ 𝑀M,base, and tef the effusion time in each experiment. The 
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Table 6.2. Knudsen effusion results for [DBNH][EtCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 250.45 234.01 16.44 5765 0.74 48:52 0.019 : 0.007 
2 219.26 208.17 11.09 5834 0.48 46:54 0.014 : 0.002 
3 194.87 184.06 10.81 6128 0.45 45:55 0.012 : 0.004 
4 166.65 159.42 7.23 5265 0.35 43:57 0.010 : 0.001 
5 146.21 136.93 9.28 6777 0.35 43:57 0.007 : 0.006 
6 129.80 122.51 7.29 5894 0.31 42:58 0.006 : 0.006 
7 110.01 102.41 7.60 7174 0.27 42:58 0.005 : 0.006 






            









Figure 6.11. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBNH][EtCOO], and the observed 





Figure 6.12. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.3. Knudsen effusion results for [DBNH][nPrCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 237.35 220.49 16.86 5157 0.52 45:55 0.019 : 0.010 
2 211.77 201.26 10.51 4789 0.31 43:57 0.014 : 0.005 
3 200.73 180.86 19.87 6931 0.33 43:57 0.012 : 0.015 
4 174.81 165.35 9.46 8070 0.21 42:58 0.006 : 0.005 
5 163.95 150.38 13.57 9716 0.25 42:58 0.006 : 0.007 
6 145.88 137.39 8.49 15416 0.18 41:59 0.003 : 0.003 
7 141.55 121.51 20.04 18413 0.34 42:58 0.004 : 0.006 















Figure 6.14. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBNH][nPrCOO], and the observed 
base:acid (B:A) proportion ratio (inside the Knudsen effusion cell) at the end of each run. 
 
 
Figure 6.15. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.4. Knudsen effusion results for [DBNH][nButCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 359.27 342.69 16.58 7475 0.53 46:54 0.025 : 0.000 
2 335.74 322.43 13.31 10066 0.31 44:56 0.011 : 0.000 
3 320.25 304.03 16.22 11750 0.33 43:57 0.007 : 0.005 
4 295.30 284.39 10.91 14668 0.18 42:58 0.004 : 0.002 
5 286.78 273.16 13.62 14873 0.22 42:58 0.003 : 0.005 









Figure 6.16. 1H NMR spectrum of the last Knudsen experiment of [DBNH][nButCOO]. 
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Figure 6.17. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBNH][nButCOO], and the observed 




Figure 6.18. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
diamonds) in each Knudsen run of [DBNH][nButCOO]. 
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Table 6.5. Knudsen effusion results for [DBNH][nPentCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 309.70 285.06 24.64 5157 1.10 46:54 0.037 : 0.001 
2 271.32 258.79 12.53 4789 0.60 44:56 0.019 : 0.002 
3 250.35 239.72 10.63 6931 0.35 42:58 0.010 : 0.003 
4 230.06 218.77 11.29 8070 0.32 41:59 0.008 : 0.004 
5 206.08 196.25 9.83 9716 0.16 39:61 0.006 : 0.002 


















Figure 6.20. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBNH][nPentCOO], and the observed 




Figure 6.21. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
diamonds) in each Knudsen run of [DBNH][nPentCOO]. 
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Table 6.6. Knudsen effusion results for [DBNH][nHexCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 207.61 190.02 17.59 16592 0.24 42:58 0.012 : 0.000 
2 194.11 176.26 17.85 19785 0.20 41:59 0.004 : 0.000 
3 171.97 164.90 7.07 11272 0.14 40:60 0.004 : 0.001 
4 159.04 153.06 5.98 14628 0.09 40:60 0.001 : 0.002  
5 152.24 143.92 8.32 29256 0.06 39:61 0.001 : 0.001 
6 139.41 132.26 7.15 23810 0.07 38:62 0.001 : 0.001 



















Figure 6.23. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBNH][nHexCOO], and the observed 




Figure 6.24. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
diamonds) in each Knudsen run of [DBNH][nHexCOO]. 
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Table 6.7. Knudsen effusion results for [DBNH][nHeptCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 227.92 202.62 25.30 10434 0.53 48:52 0.014 : 0.005 
2 197.10 188.18 8.92 8787 0.22 41:59 0.015 : 0.006 
3 185.08 176.57 8.51 9146 0.20 40:60 0.005 : 0.002 
4 170.27 166.06 4.21 9335 0.10 38:62 0.004 : 0.000 
5 160.28 157.45 2.83 8681 0.07 37:63 0.001 : 0.001 
6 153.12 147.89 5.23 13852 0.08 37:63 0.001 : 0.001 
















Figure 6.26. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBNH][nHeptCOO], and the observed 




Figure 6.27. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.8. Knudsen effusion results for [DBNH][FPrCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 767.45 764.25 3.20 5111 0.12 51:49 0.004 : 0.005 
2 740.56 736.56 4.00 15169 0.05 51:49 0.004 : 0.001 
3 731.71 721.60 10.11 17987 0.11 50:50 0.005 : 0.000 
4 716.93 707.56 9.37 16152 0.11 50:50 0.001 : 0.002 
5 690.78 686.36 4.42 11140 0.08 50:50 0.001 : 0.001 
6 676.80 672.99 3.81 12303 0.06 50:50 0.001 : 0.001 
7 669.85 665.36 4.49 10076 0.09 50:50 0.001 : 0.001  







Figure 6.28. 1H NMR spectra of the last Knudsen experiment of [DBNH][FPrCOO]. The peaks at [7; 8] ppm 
correspond to the aromatic protons of 2,4-difluoronitrobenzene, which was used as a reference for the 
quantification of the acid:base molar fraction. 
FCUP 




Figure 6.29. 19F NMR spectra of the last Knudsen experiment of [DBNH][FPrCOO]. The peaks at [-120; -
135] ppm correspond to the aromatic protons of 2,4-difluoronitrobenzene, which was used as a reference for 
the quantification of the acid:base molar fraction. 
 
 
Figure 6.30. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBNH][FPrCOO], and the observed 
base:acid (B:A) proportion ratio (inside the Knudsen effusion cell) at the end of each run. 
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Figure 6.31. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.9. Knudsen effusion results for [DBUH][EtCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 262.10 245.21 16.89 8349 0.48 48:52 0.010 : 0.006 
2 237.24 227.59 9.65 9372 0.24 47:53 0.005 : 0.003 
3 225.81 213.08 12.73 11260 0.27 47:53 0.005 : 0.005 
4 188.87 176.91 11.96 10533 0.27 47:53 0.005 : 0.005 
5 166.71 156.85 9.86 10096 0.23 46:54 0.005 : 0.004 
6 144.94 134.05 10.89 9228 0.28 46:54 0.005 : 0.006 
7 122.47 111.05 11.42 10404 0.26 46:54 0.005 : 0.005 
8 109.08 101.60 7.48 9038 0.20 46:54 0.003 : 0.004 
9 99.78 81.99 17.79 18439 0.23 46:54 0.004 : 0.005 
10 80.96 66.68 14.28 21617 0.16 46:54 0.003 : 0.003 
11 63.52 51.26 12.26 19884 0.15 46:54 0.003 : 0.003 







Figure 6.32. 1H NMR spectra of the last Knudsen experiment of [DBUH][EtCOO]. 
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Figure 6.33. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBUH][EtCOO], and the observed 




Figure 6.34. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.10. Knudsen effusion results for [DBUH][nPrCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 219.32 211.71 7.61 10792 0.16 47:53 0.004 : 0.001 
2 202.76 195.70 7.06 11894 0.14 47:53 0.003 : 0.002 
3 192.10 180.52 11.58 18577 0.14 45:55 0.003 : 0.001 
4 170.27 164.98 5.29 11873 0.10 45:55 0.002 : 0.001 
5 161.73 151.05 10.68 21138 0.12 45:55 0.002 : 0.003 
6 147.41 143.66 3.75 7688 0.11 44:56 0.003 : 0.001 







Figure 6.35. 1H NMR spectra of the last Knudsen experiment of [DBUH][nPrCOO]. 
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Figure 6.36. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBUH][nPrCOO], and the observed 




Figure 6.37. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.11. Knudsen effusion results for [DBUH][nButCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 231.46 220.69 10.77 13497 0.18 48:52 0.005 : 0.000 
2 218.12 209.96 8.16 11894 0.15 47:53 0.004 : 0.001 
3 202.47 195.91 6.56 12908 0.11 46:54 0.003 : 0.001 
4 190.89 184.47 6.42 12609 0.11 45:55 0.003 : 0.001 
5 177.95 172.76 5.19 12942 0.09 45:55 0.001 : 0.002 
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Figure 6.39. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBUH][nButCOO], and the observed 




Figure 6.40. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
diamonds) in each Knudsen run of [DBUH][nButCOO]. 
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Table 6.12. Knudsen effusion results for [DBUH][nPentCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 212.10 206.00 6.10 6067 0.22 48:52 0.004 : 0.003 
2 199.78 192.34 7.44 13119 0.13 46:54 0.004 : 0.000 
3 190.90 178.15 12.75 14916 0.19 44:56 0.004 : 0.002 
4 172.04 167.36 4.68 10401 0.10 43:57 0.003 : 0.000 
5 165.64 156.14 9.50 25906 0.08 43:57 0.001 : 0.001 
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Figure 6.42. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBUH][nPentCOO], and the observed 




Figure 6.43. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.13. Knudsen effusion results for [DBUH][nHexCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 293.32 281.98 11.34 12509 0.19 47:53 0.008 : 0.000 
2 272.41 265.60 6.81 12611 0.12 46:54 0.003 : 0.000 
3 262.42 254.91 7.51 11831 0.14 45:55 0.003 : 0.001 
4 246.56 240.69 5.87 13894 0.09 44:56 0.003 : 0.000 
5 237.85 228.38 9.47 22422 0.09 43:57 0.002 : 0.001 
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Figure 6.45. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBUH][nHexCOO], and the observed 




Figure 6.46. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.14. Knudsen effusion results for [DBUH][nHeptCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 280.01 270.02 9.99 12008 0.17 45:55 0.004 : 0.001 
2 270.02 262.03 7.99 17650 0.09 44:56 0.003 : 0.000 
3 261.89 244.01 17.88 23806 0.16 42:58 0.003 : 0.002 
4 225.24 213.27 11.97 32175 0.08 40:60 0.002 : 0.001 
5 203.04 194.71 8.33 26242 0.07 39:61 0.001 : 0.001 
6 191.56 181.48 10.08 27203 0.08 39:61 0.001 : 0.002 
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Figure 6.48. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DBUH][nHeptCOO], and the observed 




Figure 6.49. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.15. Knudsen effusion results for [DMTHPH][EtCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 259.27 247.00 12.27 7549 0.41 42:58 0.014 : 0.000 
2 241.89 227.58 14.31 11189 0.32 41:59 0.008 : 0.005  
3 224.86 207.23 17.63 12069 0.37 41:59 0.007 : 0.010  
4 202.12 183.91 18.21 15752 0.29 40:60 0.006 : 0.006 
5 177.52 162.01 15.51 8470 0.46 39:61 0.010 : 0.010 
6 153.75 133.57 20.18 13800 0.37 40:60 0.006 : 0.011 
7 133.25 114.34 18.91 12097 0.39 39:61 0.009 : 0.011 
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Figure 6.51. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DMTHPH][EtCOO], and the observed 




Figure 6.52. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.16. Knudsen effusion results for [DMTHPH][nPentCOO], at T = (306.2 ± 0.1) K. 
Experiment mi / mg mf / mg ∆m / mg tef / s <p > / Pa 
final 
xB:xA / % 
∆n . tef -1 
/ µmol.s-1 
1 293.72 280.94 12.78 3423 0.88 44:56 0.042 : 0.008 
2 265.11 248.04 17.07 7786 0.52 42:58 0.014 : 0.005 
3 210.81 200.42 10.39 10587 0.23 40:60 0.007 : 0.001 
4 179.72 164.37 15.35 17491 0.21 39:61 0.004 : 0.004 
5 128.57 116.33 12.24 22747 0.13 37:63 0.003 : 0.002 
6 97.49 86.69 10.80 17401 0.15 36:64 0.002 : 0.003 
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Figure 6.54. Plot of pressure vs total effusion time, at T = (306.2 ± 0.1) K, showing the progressive decrease 
of the measured vapor pressure in successive Knudsen runs of [DMTHPH][nPentCOO], and the observed 




Figure 6.55. Calculated molar effusion rates, at T = (306.2 ± 0.1) K, of base (blue circles) and acid (red 
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Table 6.17 sums the obtained results for all the PILs studied, namely, the 
equilibrium vapor pressures, molar fractions and activity coefficients. 
 
Table 6.17. Equilibrium vapor pressures, molar fractions and activity coefficients concerning the PILs 
studied; peq, p*acid and p*base are, respectively, the equilibrium vapor pressures of the PILs at the azeotropic 
composition, pure acid and pure base; xacid and xbase are the molar fractions of each constituent of the PIL in 
the azeotrope; and γacid and γbase are the calculated activity coefficients. 









[DBNH][EtCOO] 0.27 21.7 902 0.42 0.58 0.0125 0.0003 
[DBNH][nPrCOO] 0.18 21.7 270 0.42 0.58 0.0083 0.0007 
[DBNH][nButCOO] 0.18 21.7 55.9 0.41 0.59 0.0081 0.0032 
[DBNH][nPentCOO] 0.16 21.7 14.3 0.39 0.61 0.0073 0.0111 
[DBNH][nHexCOO] 0.09 21.7 4.4 0.37 0.63 0.0042 0.0206 
[DBNH][nHeptCOO] 0.08 21.7 1.6 0.36 0.64 0.0039 0.0527 
[DBNH][FPrCOO] 0.08 21.7 1471 0.50 0.50 0.0034 0.0001 
[DBUH][EtCOO] 0.14 4.7 902 0.46 0.54 0.0305 0.0002 
[DBUH][nPrCOO] 0.10 4.7 270 0.44 0.56 0.0206 0.0004 
[DBUH][nButCOO) 0.09 4.7 55.9 0.44 0.56 0.0190 0.0016 
[DBUH][nPentCOO] 0.07 4.7 14.3 0.42 0.58 0.0151 0.0050 
[DBUH][nHexCOO] 0.07 4.7 4.4 0.42 0.58 0.0158 0.0169 
[DBUH][nHeptCOO] 0.07 4.7 1.6 0.39 0.61 0.0140 0.0411 
[DMTHPH][EtCOO] 0.29 -* 902 0.40 0.60 - - 
[DMTHPH][nPentCOO] 0.13 -* 14.3 0.35 0.65 - - 
 
References of vapor pressures for carboxylic acids and superbases used in this study. [6.25-6.27] 
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The activity coefficients, γ, of each component, at T = (306.2 ± 0.1) K and at the 









*   (6.4) 
 
where p(PIL) is the equilibrium vapor pressure of the PIL at the azeotropic 
composition, 𝑝𝑖
∗ is the vapor pressure of each pure component, acid and base, at T = 
(306.2 ± 0.1) K, and xi(g) and xi(l) are their molar fraction in gas and liquid phase, 
respectively; xi(g) = xi(l) at the azeotrope. The equilibrium vapor pressures of the acids 
and bases, at T = (306.2 ± 0.1) K, were taken from the literature. [6.25-6.27] The 
variation of γacid and γbase with the chain length of the acid is shown in figure 6.56.  
 
Figure 6.56. Activity coefficients of the base and acid, base and acid, at T = (306.2 ± 0.1) K, as a function 
of the chain length of the acid for the DBN (blue circles) and DBU (red diamonds) PILs studied. 
 
All PILs show pronounced negative deviations from Raoult’s Law, with a 
significant decrease of vapor pressure, corroborating that the mixture is significantly 
stabilized relative to the pure separated acids and bases. The trends in γ depend on the 
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trends in the vapor pressures of the PILs and of the pure components. Since p(PILs) 
varies very little on changing the acid or the base when compared to p*acid and p*base the 
derived γ follow mostly the change in volatility of the pure components. Nonetheless, 
these results are further evidence that the PILs have strong ionic character.  
 Concerning the pKa of the carboxylic acids it is well established that fluorination 
increases significantly the acidity of heptafluorobutyric acid, while the increase in chain 
length has a negligible effect on pKa. [6.28] Literature reports have shown that the trends 
in pKa of carboxylic acids are similar in other solvents, [6.28-6.29] and hence there are 
no reasons to suspect that the relative acid strength of the acids studied will change 
significantly in the PIL medium. However, the relative base strength of DMTHP, DBN and 
DBU is harder to evaluate. According to the literature DBU is the strongest base in 
acetonitrile and gas phase, [6.30] and that should be followed in the PIL medium as well. 
Although DBN is also considered an organic superbase, it is not clear if DMTHP is the 
weaker base. Hence, it was evaluated the relative basicity of the three bases studied by 
recording the 1H NMR spectra of the DBN:DBU:nPrOOH (1:1:1) and 
DMTHP:DBN:FPrCOOH (1:1:1) mixtures in CDCl3, and  by calculating the gas phase 
proton affinities using computational chemistry methods. The results indicate the 
following order of base strength: DBU > DBN ≈ DMTHP. In terms of relative volatility, the 
trends in the pure liquid acids and bases follow classical rules and are well documented 
in the literature. [6.25-6.27, 6.31-6.35] In the acids the volatility decreases with 
increasing chain length and the perfluoroacids are more volatile than the corresponding 
non-fluorinated analogues. [6.25] In the bases studied the decrease in volatility follows 
the increase in molecular size: DMTHP > DBN > DBU. [6.31, 6.34-6.35] 
The information about relative acid and base strength and volatility helps 
rationalizing the results of table 6.21 and figure 6.56. In the perfluorinated PIL the 
stronger acidity of FPrCOOH ensures that the acid-base reaction is virtually complete 
and the 50:50 ratio results from most species being ions. This PIL has the highest 
ionicity and a negligible proportion of neutral species. In the other PILs, the acidity of the 
carboxylic group is not strong enough to convert all species into ions and consequently a 
significant fraction of neutral acid and base remain in the liquid mixture. Neutral species 
establish weaker interactions than the ions and are more prone to vaporize. The 
azeotropic composition will thus depend on the extent of the acid-base equilibrium and 
on the relative stability of the neutral species in the liquid mixture. The increase in the 
azeotrope molar fraction of the acid as its alkyl chain increases follows the decrease of 
the acid’s volatility. It is also expected that the acid-base equilibrium will be less shifted 
to the ions side as the PIL medium becomes increasingly less polar. Hence, both 
reasons contribute for an azeotrope farther from 50:50. The trend on changing the base 
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is due to differences in base strength and volatility. The azeotropic composition for the 
DBU PILs is closer to 50:50 because DBU is the strongest and least volatile of the 
bases. Although DBN and DMTHP are similarly basic, DMTHP is more volatile and thus 
its azeotropic proportion is lower. The effect of the volatility of the pure components in 
their activity in the PIL mixtures is nicely evidenced in the experimental results: the lower 
base of DBN in the azeotrope (table 6.21 and figure 6.56) is explained by its higher 
volatility in comparison to DBU. Furthermore, the lower acid in the DBU PILs translate the 
greater stabilization of the mixture due to the stronger ionic character of these PILs. 
[6.31] 
Figure 6.57 depicts the fraction of base at equilibrium, xbase, as a function of the 
size of the acid (region A: shorter acids and region B: longer acids). For shorter acids 
(namely propionic, butyric and pentanoic) the fraction of base at equilibrium is quite 
similar in both PIL families. For longer acids the fraction of base decreases quite linearly. 
These results also suggest some sort of change in the structure of the PIL azeotrope 
after a certain size of the acid. The plot gives an indication that the proportion will 
decrease asymptotically to xbase = 0.33 in agreement with a complex 1:2 (base:acid) 
formation (figure 6.58) for longer acids.    
 
 
Figure 6.57. Fraction of base at the equilibrium, xbase, at T = (306.2 ± 0.1) K, as a function of the chain length 
of the acid for the DBN (blue circles) and DBU (red diamonds) PILs studied and a schematic representation 
of the hydrogen bond between the PIL ion pair and the excess acid. The geometry of the gaseous trimer 
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7. Cohesive Energies of Protic Ionic Liquids 
In this chapter, Calvet microcalorimetry was used to measure the enthalpies of 
vaporization, ΔHvap, of the superbases, 1:1 PILs and PILs with different compositions. 
These enthalpies were used to evaluate the effect of small molecular changes in the acid 
and/or base (e.g. increase of chain length) on the cohesive enthalpy of the liquid phase. 
This knowledge can also give insights about the ionicity and speciation of the PILs in the 
liquid and gas phases, already presented in the last chapter. 
 
7.1. Experimental methodology 
7.1.1. Calvet microcalorimetry 
Fundamentals 
Tian Calvet [7.1] used the heat conduction principle for constructing calorimeters. 
He [7.2-7.3] developed a calorimeter based on twin Tian systems, symmetrically placed 
inside an isothermic block, providing an effective compensation for uneven heat effects. 
These systems are well described in literature. [7.4-7.5] 
The Calvet microcalorimeters are mainly suited for the study of slow reactions 
and the measurement of processes that deal with very small amounts of energy, hence 
the designation ‘microcalorimeter’. These systems can be divided into two groups: high-
temperature calorimeters, which are used to study/determine slower thermal processes, 
phase transitions and heat capacities, and low-temperature calorimeters, commonly 
used in the study of biological processes. These microcalorimeters have some 
disadvantages, such as longer response times and very slow heating and cooling rates, 
when compared to a Differential scanning calorimeter for example. The Calvet 
microcalorimeter, as schematically shown in figure 7.1, is basically composed of two 
identical calorimetric cells, placed in symmetrically arranged cavities in a large metal 
block (1). The process under study occurs in the sample cell (2), while the other cell (3) 
operates as the reference. The heat transfer between the two cells and the isothermal 
block is monitored by high thermal conductivity thermopiles containing many identical 
thermocouples, connected in series, regularly arranged around the calorimetric cells. 
The thermopiles (4) act as the measuring sensor of the difference in temperature 
between the outer surface of the calorimetric cell and the inner surface of the isothermal 
block and, simultaneously, as a thermal bridge between the cells and the isothermal 
block. The two calorimetric cells thermopiles are connected in opposition (5) so that the 
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measured output signal results in a potential difference generated by the two 
thermopiles. The heat flow is directly proportional to the temperature gradient between 
these two calorimetric cells and compensated by Peltier effect (for exothermic 
processes) or Joule heating (for endothermic processes), to keep the temperature as 
constant as possible in the system.  
 
 
Figure 7.1. General schematic representation of a heat flux Calvet microcalorimeter (S. sample cavity; R. 
reference cavity;1. isothermal block; 2. sample cell; 3. reference cell; 4. thermopiles; 5. differential 
connection between thermopiles). 
 
The experimental procedure used in these calorimeters is quite similar to the one 
used in the Drop calorimeter (Chapter 5), “the drop technique”. It was developed by 
Skinner et al. [7.6] for the determination of enthalpies of sublimation. A known mass of 
sample is putted in a small glass capillary, at room temperature, and dropped into the 
sample cell of the calorimeter. To compensate the thermal disturbance produced by 
dropping the glass capillary into the sample cell, an empty capillary, with similar mass to 
the one (empty) used in the sample, is simultaneously dropped into the reference cell. 
With this technique the determination of the heat associated solely with the process 
taking place inside the sample cell is assured. In the past few years, this technique has 
been adapted to the study of liquid compounds by Ribeiro da Silva and co-workers [7.7], 
here in our group, to obtain molar enthalpies of vaporization. Note that the processes do 
not occur under equilibrium conditions, which can compromise the accuracy of the 
obtained results. Some works [7.6] showed that the results obtained by Calvet 
microcalorimetry can vary up to 5 % from the results derived from vapor pressures. For 
the Calvet microcalorimeter used in this work [7.8], it was concluded previously, that the 
uncertainty of the method is lower than 2 %, however, it is always conditioned by the 
compound’s purity and thermal stability, the appropriate choice of the reference 
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compounds used in calibration, and the uncertainty introduced by the enthalpic 





Typical thermogram and results 
 
The thermal processes studies occurring inside the calorimeter are performed by 
measuring the heat flow over time, which defines the thermogram, a typical one, 
illustrated in figure 7.2. 
 
 
Figure 7.2. Schematic representation of a typical Calvet microcalorimetry thermogram. 
 
When the thermal equilibrium between the cells and the calorimetric block is 
reached, at a predefined temperature T, the initial baseline is defined. When the capillary 
tubes are dropped at room temperature (ca. 298 K) into the respective calorimetric cells, 
the first endothermic peak, the smaller one, is observed due to the heating of the sample 
from 298 K to the temperature of the calorimeter. Note that if T is larger than the 
temperature of fusion of the compound, the first endothermic peak will include not only 
this heating, but also the enthalpy of fusion at that temperature T. When both capillaries 
reach thermal stability inside the calorimeter, the system is evacuated, and the sample is 
rapidly removed from the calorimetric cell originating a second endothermic curve in the 
thermogram, which is generally attributed to the sublimation or vaporization of the 
sample. 
Then, the enthalpic variation of the total process can be determined from the 
integration of the total area (both peaks) under the baseline of the thermogram. This 
thermogram includes the following enthalpic contributions: 
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- Thermal disturbances produced by dropping the glass capillaries into the 
calorimetric cells; 
- Heating of the glass capillaries and sample, in the condensed state, from 298 K 
to the temperature of the calorimeter; 
- Phase transition(s) of the sample. 
 
The standard molar enthalpy of sublimation or vaporization determination, at T = 




 , according to the 





Figure 7.3. Illustrative thermodynamic cycle showing the representative processes of a Calvet 
microcalorimetry sublimation or vaporization experiment. 
 
The standard molar enthalpy of sublimation or vaporization, at the reference 






(298.15 K) = ∆cr/l,298.15 K
g,T
Hm - ∆298.15 K
T Hm(g)   (7.3) 
 
where the term ∆298.15 K
T Hm(g) corresponds to the thermal correction of enthalpy, in the 
gaseous state, and can be estimated by computational methods, more details in chapter 











The temperature’s calibration of the calorimeter’s isothermal block was performed 
in previous works [7.8] and was achieved by establishing a relation (given by expression 
7.4) between the actual temperature of the calorimetric cells as measured by a PT100 
temperature sensor calibrated against a SPRT temperature probe (25 Ω; Tinsley, 
5187A), and that indicated by the Setaram G11 temperature controller.  
 
θreal/ C 
o   = 1.0054 θG11/ C 




The mass of the capillaries (sample and reference) is not the same in each 
experiment, so the heat capacities of the capillary tubes do not cancel each other 
completely, and their contributions are not insignificant for the value of the total enthalpy 
change. So, to take this difference into account and, also for, the different sensibilities of 
the two measuring cells, this additional enthalpic contribution was determined through 
blank experiments. For the calorimetric system used, blank experiments were performed 
in another work [7.8], using capillaries with masses ranging between 20 and 30 mg 
(similar to those used in the present work) and the same procedure, where empty 
capillary tubes of similar masses are simultaneously dropped into both calorimetric cells. 
Expression 7.5 was used for the determination of the enthalpic blank correction, ∆Hcorr 
(blank), as a function of the temperature difference between the calorimetric cell and 
298.15 K, and the masses of the reference, mref, and empty sample capillary tubes, mexp. 
Where the values of the fitter coefficients are: a = ‒20.3902, b = ‒0.88204, c = 0.816818, 
d = 1.814894). [7.8] 
 





Both calorimetric cells are not covered by thermocouples and through this small 
and uncovered area, some thermal leakage can occur by convection and/or radiation 
processes. To take this into account and other heat transfer processes, calibration 
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experiments were performed, under the same conditions carried out in the experiments 
with the compounds under study, to determine a proportionality factor, Kcal, between the 
heat involved in the reaction and the area of the thermogram obtained experimentally, 
according to equation 7.6.  
 
 Kcal (T)=









    (7.6) 
 
Note that the standard substance selected as calibrant should have volatility 
comparable to that of the compound under study, within the experimental temperature 
range. The calibrations in this work were performed using recommended primary 
standard substances, [7.16] ferrocene and undecane, whose molar enthalpies of 
sublimation are rigorously established. The calibration constant (average), at a given 




The calorimeter used is based on a commercial high-temperature Calvet 
microcalorimeter Setaram HT1000D, in isothermal mode, which can be operated from 
room temperature to 1300 K, using the drop calorimetric technique referred above. Both 
the apparatus and technique have been previously and well described in the literature 
[7.8] and the complete system, schematized in figure 7.4, includes, in addition to the 
Calvet microcalorimeter (A), a pumping system (B) and a glass vacuum line (C), which 




The microcalorimeter Setaram HT1000D consists of an internal isothermal metal 
block of high heat capacity (1) externally lined with ceramic material (2), containing two 
identical cavities in which the calorimetric cells (3) are introduced. The base of each 
cavity is surrounded by a thermopile (4) composed of 496 radially arranged 
thermocouples (Pt-Pt/Rh) connected in series. The temperature of the metal block is 
regulated by a Setaram G11 control system, which also has the function of amplifying 
and registering the electronic signal from the thermocouples. The temperature is 
programmed through the Setaram 3.20 software, installed in an interfaced computer that 
is also used for the data acquisition, graphical representation of the thermogram in real 
time, and for the related calculations. 
FCUP 




Figure 7.4. Schematic representation of the complete Calvet microcalorimeter: A. Calvet microcalorimeter 
Setaram HT1000D (1. isothermal metal block; 2. ceramic lining; 3. calorimetric cells; 4. thermopile); B. 
Vacuum pumping system (5. rotary pump; 6. oil diffusion pump; 7. Pirani gauge; 8. Penning gauge); C. 
Vacuum line (9. Liquid nitrogen glass trap; 10. isolation Teflon valve; 11. air inlet Teflon valve; 12. pyrex 
vessel; 13. kanthal cylinder; 14. Inner pyrex tube). Image adapted from ref. [7.8] 
 
 
Vacuum pumping system 
 
The vacuum pumping system consists of an Edwards RV5 rotary pump (5), which 
is used both for pre-evacuating the system and also for backing up the Edwards Diffstak 
63 oil diffusion pump (6). An Edwards APG-M Pirani gauge (7) is used to measure the 
pressure of the system during the pre-evacuation process and an Edwards AIM-S 
Penning gauge (8) is used to measure the pressure throughout the sublimation process. 
 
Vacuum line and calorimetric cells 
 
The twin cells are connected to the vacuum pumping system through a glass line 
that includes a liquid nitrogen trap (9) to condense the sublimated samples and prevent 
contamination of the pumping system. Between the trap and the calorimetric cells there 
are two valves, one allowing the isolation of the pumping system (10) and the other used 
to admit air in the system (11) for restoring the atmospheric pressure and allowing the 
cleaning of the trap. All glass connections in the system are made of greaseless 
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spherical joints from Young. The calorimetric cells (3) consist of long inlet tubes made of 
Pyrex® glass that extend to the inside of the thermal block ending in cylindrical small 
vessels (12). The vessels are tightly fitted into cylinders made of kanthal® (iron-
chromium-aluminium alloy used for high-temperature applications) (13), which promote 
good thermal contact between the calorimetric vessel and the isothermal block. The 
calorimetric cells are equipped with inner tubes (14), through which the capillaries are 
dropped. They can be removed and cleaned without disturbing the calorimetric cells, 








 at T = 298.15 K, for several 
1:1 PILs, superbases, and PILs with non-stoichiometric compositions were measured in 
a high temperature Calvet microcalorimeter, SETARAM model HT1000D, using a similar 
technique of the drop method described by Skinner et al..[7.6] The measurement 
procedure and the description of the apparatus have been described in detail by Santos 
et al..[7.8] Samples of about 2-6 mg each are placed into thin capillary tubes, sealed at 
one end, and dropped, simultaneously with the corresponding blank tube, at T = 298.15 
K, into the hot reaction zone of the calorimeter, which is kept at a fixed temperature T. 
The heating of the sample from room temperature to the calorimeter hot zone 
temperature, T, is recorded, and after thermostability is reached, the sample is vaporized 
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7.2. Results and discussion  
7.2.1. Equimolar PILs and superbases 
 Tables 7.1 presents the experimental results for the calibration of the calorimeter 
of each pure compound and tables 7.2 to 7.25 show the experimental data obtained for 
the PILs studied.  
 
Table 7.1. Experimental results obtained by Calvet microcalorimetry for the calibration experiments of each 
pure compound. T (at K) being the temperature at which the Calvet measurements were performed. 
Compound T / K Calibrant n k 
DBN 340.0 Undecane 7 0.997 ± 0.018 
DBU 340.0 Undecane 7 0.997 ± 0.018 
DMTHP 339.8 Undecane 5 0.996 ± 0.017 
[DBNH][MeCOO] 375.8 Ferrocene 7 1.000 ± 0.020 
[DBNH][EtCOO] 375.9 Ferrocene 7 1.000 ± 0.020 
[DBNH][nPrCOO] 375.7 Ferrocene 7 1.000 ± 0.020 
[DBNH][nButCOO] 396.6 Ferrocene 7 1.009 ± 0.018 
[DBNH][nPentCOO] 396.3 Ferrocene 7 1.009 ± 0.018 
[DBNH][nHexCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DBNH][nHeptCOO] 396.3 Ferrocene 7 1.009 ± 0.018 
[DBUH][MeCOO] 375.8 Ferrocene 7 1.000 ± 0.020 
[DBUH][EtCOO] 375.9 Ferrocene 7 1.000 ± 0.020 
[DBUH][nPrCOO] 375.9 Ferrocene 7 1.000 ± 0.020 
[DBUH][nButCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DBUH][nPentCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DBUH][nHexCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DBUH][nHeptCOO] 396.6 Ferrocene 7 1.009 ± 0.018 
[DMTHP][EtCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DMTHP][nPrCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DMTHP][nButCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DMTHP][nPentCOO] 396.4 Ferrocene 7 1.009 ± 0.018 
[DMTHP][nHexCOO] 396.3 Ferrocene 7 1.009 ± 0.018 










 (g, T) - Hm
0
 (g, 298.15 K) / kJ·mol–1 was calculated for all the 
compounds. The full geometry optimizations, with no symmetry restrictions, were 
performed at the B3LYP/6-311++G(d,p) levels of theory and the enthalpy values were 
calculated at 298.15 K and at T (temperature at which the Calvet measurements were 
performed). 
 
Table 7.2. Experimental results obtained by Calvet microcalorimetry for the vaporization of DBN (T=340.0 
K). T (at K) being the temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.00 68.67 















Table 7.3. Experimental results obtained by Calvet microcalorimetry for the vaporization of DBU (T=340.0 
K). T (at K) being the temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.84 76.71 
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Table 7.4. Experimental results obtained by Calvet microcalorimetry for the vaporization of DMTHP (T=339.8 
K). T (at K) being the temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.83 69.72 
















Table 7.5. Experimental results obtained by Calvet microcalorimetry for the vaporization of [DBNH][MeCOO] 
(T=375.8 K). T (at K) being the temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
2.59 173.82 
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Table 7.6. Experimental results obtained by Calvet microcalorimetry for the vaporization of [DBNH][EtCOO] 
(T=375.9 K). T (at K) being the temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
6.25 180.87 

























Table 7.7. Experimental results obtained by Calvet microcalorimetry for the vaporization of [DBNH][nPrCOO] 
(T=375.7 K). T (at K) being the temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.92 185.04 
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Table 7.8. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBNH][nButCOO] (T=396.6 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
2.96 195.22 















Table 7.9. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBNH][nPentCOO] (T=396.3 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.04 198.00 
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Table 7.10. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBNH][nHexCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.44 207.1 
















Table 7.11. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBNH][nHeptCOO] (T=375.9 K for first 2 experiments and T=396.3 K for the rest). T (at K) being the 
temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.46 208.7 
211.6 ± 1.5 
35.1 ± 1.0 
(29.4 ± 1.0 for 375.9 K) * 












 (298.15 K) / kJ·mol–1 = (176.5 ± 1.6) 
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Table 7.12. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBUH][MeCOO] (T=375.8 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.42 197.50 















Table 7.13. Experimental results obtained by Calvet microcalorimetry for the vaporization of [DBUH][EtCOO] 
(T=375.9 K). T (at K) being the temperature at which the Calvet measurements were performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.48 210.84 
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Table 7.14. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBUH][nPrCOO] (T=375.9 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.22 207.70 




















Table 7.15. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBUH][nButCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.72 224.28 
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Table 7.16. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBUH][nPentCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
6.72 222.52 




















Table 7.17. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBUH][nHexCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.56 232.68 
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Table 7.18. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DBUH][nHeptCOO] (T=396.3 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
6.06 239.97 















Table 7.19. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DMTHPH][EtCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
  

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.41 184.40 
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Table 7.20. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DMTHPH][nPrCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.48 185.63 
















Table 7.21. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DMTHPH][nButCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.19 193.28 
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Table 7.22. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DMTHPH][nPentCOO] (T=396.4 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.50 202.03 
















Table 7.23. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DMTHPH][nHexCOO] (T=396.3 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.40 206.91 



















Chapter 7 – Cohesive Energies of Protic Ionic Liquids 
213 
 
Table 7.24. Experimental results obtained by Calvet microcalorimetry for the vaporization of 
[DMTHPH][nHeptCOO] (T=396.3 K). T (at K) being the temperature at which the Calvet measurements were 
performed. 
 

















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.88 211.28 










0  (298.15 K) / kJ·mol–1 = (176.1 ± 1.6) 
 
 
Table 7.25. Standard molar enthalpies of vaporization for the pure compounds studied, as determined by 
Calvet microcalorimetry. 




0  (298.15 K) / 
kJ·mol–1 
DBN 1:0 124.18 63.9 ± 1.5 
DBU 1:0 152.24 69.7 ± 1.5 
DMTHP 1:0 112.17 63.5 ± 1.5 
[DBNH][MeCOO] 1:1 184.23 152.9 ± 1.6 
[DBNH][EtCOO] 1:1 198.26 159.3 ± 1.6 
[DBNH][nPrCOO] 1:1 212.29 164.4 ± 1.5 
[DBNH][nButCOO] 1:1 226.32 167.0 ± 1.6 
[DBNH][nPentCOO] 1:1 240.35 167.9 ± 1.5 
[DBNH][nHexCOO] 1:1 254.37 171.9 ± 1.5 
[DBNH][nHeptCOO] 1:1 268.40 176.5 ± 1.6 
[DBUH][MeCOO] 1:1 212.29 178.5 ± 1.7 
[DBUH][EtCOO] 1:1 226.32 184.9 ± 1.6 
[DBUH][nPrCOO] 1:1 240.35 183.7 ± 1.8 
[DBUH][nButCOO] 1:1 254.37 186.1 ± 1.6 
[DBUH][nPentCOO] 1:1 268.40 186.4 ± 1.5 
[DBUH][nHexCOO] 1:1 282.43 192.0 ± 1.6 
[DBUH][nHeptCOO] 1:1 296.45 199.4 ± 1.6 
[DMTHPH][EtCOO] 1:1 186.25 158.7 ± 1.5 
[DMTHPH][nPrCOO] 1:1 200.28 156.6 ± 1.5 
[DMTHPH][nButCOO] 1:1 214.31 163.3 ± 1.6 
[DMTHPH][nPentCOO] 1:1 228.33 167.2 ± 1.5 
[DMTHPH][nHexCOO] 1:1 242.35 171.1 ± 1.5 
[DMTHPH][nHeptCOO] 1:1 256.38 176.1 ± 1.6 
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, of the PILs, as measured by Calvet 
microcalorimetry, were used to evaluate the effect of small molecular changes in 
the acid and/or base (e.g. increase of chain length) on the cohesive energy of the 
liquid phase. This knowledge can also give insights about the ionicity and 
speciation of the PILs in the liquid and gas phases. The experimental results of 




0 , are presented in table 7.25 and are plotted in figure 7.5 as a function of the 
number of carbons, n, in the carboxylic acid of the PIL. 
 




 at T = 298.15 K, ∆Hvap (as measured by Calvet 
microcalorimetry), of each protic ionic liquid as a function of the alkyl chain of the acid. DBN-based protic 
ionic liquids – blue circles, DBU-based protic ionic liquids – red diamonds and DMTHP-based protic ionic 
liquids – green triangles. 
 





 for the PILs: [150; 200] kJ·mol−1. These values are in the 









, at T = 298.15 K, for the 1-alkyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide series, [CnC1im][Ntf2] (n=2-12) range from 133 for 
[C2C1im][Ntf2] to 171 kJ·mol−1 for [C12C1im][Ntf2]. [7.10-7.11]   For imidazolium ILs 
with other anions (e.g. [PF6], [BF4] and bis(perfluoroethylsulfonyl)imide, [beti]) the 




 in similar range, 135 to 170 





, at T = 298.15 K, is in the order of 140 kJ·mol−1. [7.12] Using the 
Calvet Methodology, the measurement of the enthalpy of vaporization of a 
FCUP 
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substance can only be done if its vapour pressure at the working temperature is 
higher than 10 Pa. The Calvet experiments for the PILs studied were performed at 
T = 376 K, a temperature at which most aprotic ILs have negligible vapour 
pressures (much lower than 10 Pa). [7.10-7.14] Given that the PILs measured in 
this work have values of ∆l
g
Hm
0  comparable to those of typical aprotic ILs, the 




. This strongly 
suggests that PILs, contrary to aprotic ILs, [7.10-7.11, 7.15] don’t vaporize as ion 
pairs. This preliminary analysis suggests that the PILs studied are liquids 
composed of a significant fraction of ion pairs, which upon vaporization dissociate 




 for the PILs is much 




 of their isolated constituents (acid + base), as can be 
seen in tables 7.25 and 7.27. These observations evidence that electrostatic 
interactions between charged species in the PILs contribute significantly for the 
cohesive enthalpy. This confirms that the PILs studied have significant ionic 
character in the liquid phase – proton transfer between acid and base occurs in 
considerable extent and many species are ions. 





significantly than altering the acid: incrementing −CH2− groups in the base leads 




. This is nicely evidenced by comparing the isomers 




 is of 




 with the chain length of the acid is 
similar for both DBN and DBU bases for most PILs: there is an increase of around 
6 kJ·mol−1 per −CH2− group. This increment is comparable, but slightly higher 
than those observed for the [CnC1im][Ntf2] aprotic ILs family, [7.10]  and for n-
alkanes, [7.16-7.17]  1-alkanols [7.18]  and 1-aminoalkanes series. [7.18] This 
indicates that the major effect of increasing the chain length of the acid is to 
strengthen the van der Waals interactions between the nonpolar regions of the 
PILs (alkyl tails of the acid and cyclic alkyl groups of the base). However, the 
−CH2− increment in the base (DBN and DBU differ by two cyclic −CH2−) leads to 
an average increase in ΔHvap, from the DBN to DBU based PILs, of 25.4 kJ·mol−1. 




 between the DBN and DBU pure 
bases, which is of 5.8 kJ·mol−1 (see table 7.25). The difference between the DBN 
and DBU PILs corresponds to an average increase of 12.7 kJ·mol−1 per −CH2− 
group, which is also substantially higher than the same modification in the acids, 
and thus cannot be explained solely by stronger van der Waals interactions in the 
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bigger base. A test experiment was also performed to support these findings: a 
mixture of DBN/DBU/nPrCOOH (1:1:1) (prepared by adding pure DBU to 
[DBNH][nPrCOO]) was distilled under vacuum (p ≈ 10 Pa) at T ≈ 358 K. The NMR 
analysis revealed that the distillate was mostly pure DBN and the remaining liquid 
[DBUH][nPrCOO]. This result evidences the higher affinity of DBU, relative to 
DBN, to form PILs with carboxylic acids of short chain length. 
 
 
PIL/Ion Pair                [BH]+ + [A]-  (R1) 
 
[BH]+ + [A]-                B + HA   (R2) 
 
PIL/Ion Pair                 B + HA  (R3) 
 
 
Figure 7.6. Reactions and species that may exist in the gas phase of PILs and their participation in 
acid-base and ion pair equilibria. 
 
It’s of fundamental importance to start by properly defining 
thermodynamically the initial and final states of the vaporization process. For that, 
it’s necessary to know the extent of all equilibria occurring inside the Calvet 
apparatus in the experimental measurements, considering the conditions of 
temperature and pressure. In a Calvet type apparatus the experimental 
vaporization measurements are performed at relatively low pressures (under 10 
Pa). Concerning the composition of the liquid phase, (i.e. the extent of ionization) 
we can only say that it is dominated by ionized species, but not to which extent 
exactly. However, we can have more information about the equilibria in the gas 
phase. As referred before, while the ion pair is enthalpically favoured in the gas 
phase, the entropic contribution can be significant enough, depending on the 
conditions of (T, p), to overcome the ΔH term in ΔG and hence increase the 
population of the isolated neutral species, which are favoured for higher T and 
lower p. The vaporization process of the PILs in the Calvet apparatus occurs at T 
≈ 376 K and vacuum (p < 10 Pa) conditions. To quantify the effect of these 
conditions on equilibrium, the M06-2X enthalpies, ΔHr, entropies, ΔSr, and Gibbs 
energies, ΔGr, of reaction, at T = 376 K and p = 10 Pa, were calculated for the R3 
reaction, figure 7.6 (PIL/Ion Pair → B + HA). The value of 10 Pa was considered 
as the maximum pressure that can be achieved inside the Calvet apparatus during 
vaporization of the sample. The pressure correction from p0 = 105 Pa to p = 10 Pa 
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is negligible for ΔHr but is quite substantial for ΔSr and can be calculated, 
assuming ideal gas behaviour, using equation 7.7: 
 
ΔΔSr(105→10 Pa) = R·ln(10/105) =  −76.6 J·K−1·mol−1        (7.7) 
 
where R is the gas constant. Thus, ΔSr(10 Pa) = ΔΔSr(105 Pa) + 76.6, confirming 
that the entropy contribution favors significantly the separated species at the 
experimental conditions.  The term ΔGr at the actual experimental conditions can 
then be calculated using equation 7.8: 
 
 
ΔGr(376 K, 10 Pa) = ΔHr(376 K) − 376·ΔSr(376 K, 10 Pa)     (7.8) 
 
 
The results are shown in table 7.26, alongside with the values for T = 
298.15 K and p = p0 = 105 Pa, for comparison. Although, at 298.15 K and 105 Pa 
the ion pair is probably the preferred species, the results indicate that dissociation 
of the ion pair into the neutral isolated species, [BH][A] → B + HA, in the gas 
phase becomes thermodynamically spontaneous at T > 300 K and p < 10 Pa, for 
all PILs studied. The magnitude of the calculated ΔGr(376 K, 10 Pa) for all PILs is 
enough to assure that computational errors are not changing the sign of ΔGr. 
The vaporization process that is being measured in the Calvet experiment can 
thus be translated by the following equation: 
 
 
[BH][A](liq) → B(g) + HA(g)                               (7.9) 
 
 




 values shown in table 7.25 for the 
PILs are the enthalpies of the processes described by equation 7.9, which can be 
divided into two simpler steps:  
 
a) the vaporization of the PIL as an ion pair, [BH][A](liq) → [BH][A](g), 
followed by gas phase dissociation, [BH][A](g) → B(g) + HA(g);  
or 
b) dissociation in the liquid phase, [BH][A](liq) → B(liq) + HA(liq), followed 
by vaporization of the neutral species, B(l) → B(g) and HA(liq) → HA(g). 
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Table 7.26. Enthalpies, entropies and Gibbs energies of reaction for R3 (figure 7.6), calculated at the M06-
2X/6-311++G(d,p) level of theory, for two specified set of (T, p) conditions; values of ΔH and ΔG in kJ∙mol−1 
and of ΔS in J∙K−1∙mol−1. 
PIL 
T = 298.15 K, p = 105 Pa T = 396 K, p = 10 Pa a 
ΔH ΔS ΔG ΔH ΔS ΔG 
[DBNH][MeCOO] 62 141 20 61 215 -20 
[DBNH][EtCOO] 61 155 15 60 229 -26 
[DBNH][nPrCOO] 57 138 16 56 211 -24 
[DBNH][nButCOO] 61 146 18 60 219 -23 
[DBNH][nPentCOO] 64 168 14 63 214 -18 
[DBNH][nHexCOO] 61 144 18 60 218 -22 
[DBNH][nHeptCOO] 61 157 14 61 226 -24 
[DBUH][MeCOO] 53 130 15 51 201 -24 
[DBUH][EtCOO] 51 158 4 50 231 -37 
[DBUH][nPrCOO] 47 152 2 45 224 -39 
[DBUH][nButCOO) 52 149 8 51 224 -33 
[DBUH][nPentCOO] 56 183 1 55 229 -32 
[DBUH][nHexCOO] 51 171 1 50 245 -42 
[DBUH][nHeptCOO] 47 173 -5 46 252 -48 
a These values reproduce the real experimental (T, p) conditions verified during the measurements of ΔHvap 
in the Calvet microcalorimeter. 
 
 
This vaporization mechanism was already reported for other cases, [7.19-
7.20] and conforms to the generally accepted interpretation of distillation of PILs. 
[7.21-7.22] For example, Vitorino et al. have reported a mass spectrometry study 
showing that in 1,1,3,3-tetramethylguanidinium chloride there are no charged 
species, separated or as ion pairs, in the vapour over the condensed phase. [7.19] 
The thermodynamic cycle presented in figure 7.7 shows all the relevant 
equilibrium processes involved in the vaporization of the PILs studied. Based on 
this cycle the enthalpies of PIL formation in the liquid phase, B(liq) + HA(liq) → 
[BH][A](liq), ΔHreaction, and the cohesive enthalpies of the PILs, [BH][A](liq) → 
[BH][A](g), were derived and are shown in table 7.27.  
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Figure 7.7. Hypothetical thermodynamic cycle for interpreting the vaporization process of the PILs studied; 
the PIL [DBNH][MeCOO] is presented as an example. 
These were calculated by considering the experimental enthalpies of 
vaporization of the separated acids and bases and the computationally calculated 
enthalpies for R3, ΔHR3, presented in Annex B, table B.8. ΔHreaction corresponds to 
the enthalpy change associated to the mixing of the pure base and acid to form 
the PIL, as it happens in the course of their solvent-free synthesis. While the 
derivation of ΔHreaction is based solely on experimental values, that of the PIL 
cohesive enthalpy has the contribution of the theoretical ΔHR3 value and should be 
regarded with more care, considering the limitations of the computational methods 
used for the calculations. 
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Table 7.27. Derived ∆Hreaction and cohesive enthalpies (see figure 7.6), at T = 298.15 K and p = p0 = 105 Pa, 
for the PILs studied; values in kJ∙mol−1. 
Compound Proportion ∆Hreaction
0  (298.15 K)  Cohesive enthalpy 
[DBNH][MeCOO] 1:1 -38.7 ± 1.8 93.0 ± 1.6 
[DBNH][EtCOO] 1:1 -40.5 ± 1.8 99.8 ± 1.6 
[DBNH][nPrCOO] 1:1 -39.8 ± 1.8 106.2 ± 1.5 
[DBNH][nButCOO] 1:1 -37.2 ± 1.8 107.6 ± 1.5 
[DBNH][nPentCOO] 1:1 -32.7 ± 1.7 108.1 ± 1.3 
[DBNH][nHexCOO] 1:1 -32.3 ± 1.7 113.2 ± 1.2 
[DBNH][nHeptCOO] 1:1 -32.8 ± 1.8 117.6 ± 1.6 
[DBUH][MeCOO] 1:1 -58.5 ± 1.9 127.7 ± 1.7 
[DBUH][EtCOO] 1:1 -60.3 ± 1.9 135.3 ± 1.6 
[DBUH][nPrCOO] 1:1 -53.3 ± 1.9 134.2 ± 1.8 
[DBUH][nButCOO] 1:1 -50.5 ± 1.8 136.0 ± 1.6 
[DBUH][nPentCOO] 1:1 -45.4 ± 1.7 132.7 ± 1.3 
[DBUH][nHexCOO] 1:1 -46.6 ± 1.7 141.8 ± 1.2 
[DBUH][nHeptCOO] 1:1 -49.9 ± 1.8 150.9 ± 1.5 
[DMTHPH][EtCOO] 1:1 -40.3 ± 1.8 104.4 ± 1.5 
[DMTHPH][nPrCOO] 1:1 -32.4 ± 1.8 102.3 ± 1.5 
[DMTHPH][nButCOO] 1:1 -33.9 ± 1.8 106.6 ± 1.6 
[DMTHPH][nPentCOO] 1:1 -32.4 ± 1.8 112.2 ± 1.5 
[DMTHPH][nHexCOO] 1:1 -31.9 ± 1.8 113.8 ± 1.5 












Figure 7.8 presents the cohesive enthalpies obtained for each PIL as a 
function of the alkyl chain of the acid. 
 
 
Figure 7.8. Cohesive enthalpies of each protic ionic liquid (1:1) as a function of the alkyl chain of the acid in 
each protic ionic liquid. DBN-based protic ionic liquids – blue circles, DBU-based protic ionic liquids – red 
diamonds and DMTHP-based protic ionic liquids – green triangles. 
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The values of ΔHvap (in kJ∙mol−1) for DBN (61.9 ± 0.2), DBU (70.7 ± 0.2) and 
[DBNH][MeCOO] (154.9 ± 4.2) were determined in previous works, [7.23-7.24] and are in 
good agreement with those reported herein. In the work of Ostonen et al., [7.23] the 
authors distinguish between the two possible vaporization processes for 
[DBNH][MeCOO]: a) [DBNH][MeCOO](liq) → DBN(g) + MeCOOH(g), ΔH = 154.9 ± 4.2 
kJ∙mol−1 (corresponds to ΔHvap in figure 7.7); b) [DBNH][MeCOO](liq) → 
[DBNH][MeCOO](g), ΔH = 98.5 ± 3.3 kJ∙mol−1 (corresponds to cohesive enthalpy in 
figure 7.7). In the same work, the authors have also calculated the value of ΔdissH = 58.1 
± 3.5 kJ∙mol−1, using the G4 method, for the reaction: [DBNH][MeCOO](g) → DBN(g) + 
MeCOOH(g), which corresponds to −ΔHR in figure 7.7, or ΔHR3 in figure 7.6 and table 
B.8. of Annex B. These values show good agreement with our results, and help 
validating the interpretation of the vaporization process of the PILs, as schematized in 
figure 7.7. 
The trends in the results presented in table 7.27 go in line with that already 
verified for the ΔHvap in table 7.25, i.e. changing the base has more effect than 
changing the acid, and the DBU PILs have enthalpies greater in magnitude. While 
the acid has little effect on ΔHreaction, changing from DBN to DBU increases it by 
about 20 kJ·mol–1. The cohesive enthalpy increases slightly by 7-8 kJ·mol–1 on 
incrementing the alkyl chain of the acid by one −CH2−, which is mostly a result of 
the stronger van der Waals interactions between bigger non-polar domains. On 
the other hand, the replacement of DBN by DBU increases significantly the 
cohesive enthalpy of the PIL by about 35 kJ·mol–1. The more exothermic ΔHreaction 
and greater cohesive enthalpy of the DBU PILs can be explained by the stronger 
basicity of DBU, when compared to DBN. ΔHreaction is virtually independent of the 
acid because their pKa is similar, and thus increasing the acid only enhances van 
der Waals interactions, an effect that is similar in the pure liquid acids and PILs 
and thus cancels out. 
It is important to note that, while ΔHvap measured in the Calvet apparatus 
corresponds to the process given by equation 7.9; at T = 298.15 K and p0 = 105 
Pa, the ion pair is probably the dominant species in the gas phase. Hence, at 
these conditions the vaporization process is better described as: [BH][A](liq) → 
[BH][A](g), and the enthalpy associated to this vaporization pathway corresponds 
to the cohesive enthalpy as defined in figure 7.7 and table 7.27. However, ion pair 
dissociation in the gas phase must be considered in most practical applications 
involving vaporization of PILs, like distillation or vapour pressure measurements, 
since low pressures and high temperatures are usually required in these 
processes. The major contribution for the observed differences in ΔHreaction (figure 
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7.9) could be the significant difference in the enthalpy proton exchange (R3) and the 
expected contribution of the higher extent of the acid-base equilibrium in the liquid phase 
as expressed by equation (7.10): 
 
B + HA ↔ [BH][A]                                (7.10) 
 
In the DBU PIL derivatives, this equilibrium occurs in higher extent and 
those liquids have higher ionic character. It can also be concluded that the DBN 
PILs have a significant proportion of neutral species in the liquid phase at 
equilibrium. Hence, for the DBU PILs the derived ΔHreaction is more exothermic 
mostly because the proton transfer reaction occurs in more extent. 
 
 
Figure 7.9. Derived ∆Hreaction of each protic ionic liquid as a function of the alkyl chain of the acid in each 
protic ionic liquid. DBN-based protic ionic liquids – blue circles, DBU-based protic ionic liquids – red 
diamonds and DMTHP-based protic ionic liquids – green triangles. 
  
 As can been seen in figure 7.9 the ∆Hreaction of DBN and DMTHP based PILs are 
quite similar. These values are in accordance with the strength of the superbases. 
Stronger bases lead to more negative ∆Hreaction. It was also observed a trend shift 
between short (region A) and long acids (region B) for all the superbase families. This 
trend shift is between n = 4 to 6, for DBN and DBU-based PILs and n = 3 for the smaller 
superbase DMTHP.  
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7.2.2. Non-stoichiometric proportion PILs 
 Table 7.28 presents the experimental results for the calibration of the calorimeter 
for each non-stoichiometric studied PIL and tables 7.29 to 7.45 show the experimental 
data obtained for the PILs studied.  
 
 
Table 7.28. Experimental results obtained by Calvet microcalorimetry for the calibration experiments of each 
compound with different proportions of base and acid (B:A). T (at K) being the temperature at which the 
Calvet measurements were performed. 
Compound T / K Calibrant n k 
[DBNH][nPrCOO] (3:1) 396.4 Ferrocene 5 1.007 ± 0.018  
[DBNH][nPrCOO] (2:1) 396.3 Ferrocene 5 1.007 ± 0.018  
[DBNH][nPrCOO] (eq) 396.3 Ferrocene 5 1.007 ± 0.018  
[DBNH][nPrCOO] (1:3) 396.4 Ferrocene 5 1.007 ± 0.018  
[DBNH][nHeptCOO] (3:1) 396.4 Ferrocene 5 1.007 ± 0.018  
[DBNH][nHeptCOO] (2:1) 396.4 Ferrocene 5 1.007 ± 0.018  
[DBNH][nHeptCOO] (eq) 396.3 Ferrocene 5 1.007 ± 0.018  
[DBNH][nHeptCOO] (1:3) 396.3 Ferrocene 5 1.007 ± 0.018  
[DBUH][nPrCOO] (3:1) 396.3 Ferrocene 5 1.007 ± 0.018  
[DBUH][nPrCOO] (2:1) 396.3 Ferrocene 5 1.007 ± 0.018  
[DBUH][nPrCOO] (eq) 375.9 Ferrocene 7 1.000 ± 0.020 
[DBUH][nPrCOO] (1:3) 396.4 Ferrocene 5 1.007 ± 0.018  
[DBUH][nHeptCOO] (3:1) 386.4 Ferrocene 5 1.007 ± 0.018 
[DBUH][nHeptCOO] (2:1) 386.4 Ferrocene 5 1.007 ± 0.018 
[DBUH][nHeptCOO] (eq) 396.3 Ferrocene 5 1.007 ± 0.018 
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Table 7.29. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.39 161.59 















Table 7.30. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
5.41 164.50 






 (298.15 K) / kJ·mol–1 = (135.1 ± 1.5) 
 
 
Table 7.31. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.75 194.92 











 (298.15 K) / kJ·mol–1 = (165.5 ± 1.5) 
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Table 7.32. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.31 180.35 















Table 7.33. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.89 175.10 










Table 7.34. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
5.84 184.40 
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Table 7.35. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
5.16 227.01 










 (298.15 K) / kJ·mol–1 = (186.0 ± 1.5) 
 
 
Table 7.36. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.48 224.64 
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Table 7.37. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
6.30 179.89 















Table 7.38. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
5.38 183.84 






 (298.15 K) / kJ·mol–1 = (147.1 ± 1.5) 
 
 
Table 7.39. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.31 213.75 










 (298.15 K) / kJ·mol–1 = (183.9 ± 1.5) 
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Table 7.40. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
5.21 185.71 
















Table 7.41. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.61 190.90 









Table 7.42. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
4.32 205.67 
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Table 7.43. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
5.19 246.85 










Table 7.44. Experimental results obtained by Calvet microcalorimetry for the vaporization of 





















 (g, T) - Hm
0
 (g, 298.15 K) / 
kJ·mol–1 
3.14 224.8 
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Table 7.45. Standard molar enthalpies of vaporization for the studied compounds with different proportions 
of acid and base (B:A), as determined by Calvet microcalorimetry. 




0  (298.15 K) / 
kJ·mol–1 
[DBNH][nPrCOO] 
1:1 212.29 164.4 ± 1.5 
3:1 115.88 131.4 ± 1.5 
2:1 111.66 135.1 ± 1.5 
eq (1:1.4) 103.62 165.5 ± 1.5 
1:3 97.49 153.6 ± 1.5 
[DBNH][nHeptCOO] 
1:1 268.40 176.5 ± 1.6 
3:1 129.59 140.5 ± 1.6 
2:1 130.99 149.2 ± 1.5 
eq (1:1.8) 137.20 186.0 ± 1.5 
1:3 139.00 184.4 ± 1.5 
[DBUH][nPrCOO] 
 
1:1 240.35 183.7 ± 1.8 
3:1 137.49 145.3 ± 1.5 
2:1 130.76 147.1 ± 1.5 
eq (1:1.3) 116.97 183.9 ± 1.5 
1:3 104.78 159.2 ± 1.5 
[DBUH][nHeptCOO] 
1:1 296.45 199.4 ± 1.6 
3:1 150.23 153.6 ± 1.5 
2:1 149.51 165.6 ± 1.8 
eq (1:1.6) 147.34 202.8 ± 1.5 
1:3 146.22 187.4 ± 1.5 
* Molar masses of the PILs (proportions) calculated as the proportion of the molar masses of the acid and base. 
 
 
In this work, two approaches were studied and developed to understand how 
the ΔHvap changed with different proportions of acid or base in their composition. 
One considering that the PIL is a mixture of pure base with pure acid (approach 1) 
and the other as a mixture of the 1:1 PIL with excess base or acid (approach 2). ΔHvap 
of excess was calculated for both approaches as: 
 
ΔHvap (excess) = ΔHvap (ideal) - ΔHvap (observed)  (7.11) 
 
For approach 1: 
ΔHvap (ideal 1) = xacid . ΔHvap (acid) + xbase . ΔHvap (base) (7.12) 
ΔHvap (observed 1) = ΔHvap (PIL) / 2     (7.13) 
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For approach 2: 
 Excess of base: 
ΔHvap (ideal 2) = xbase . ΔHvap (base) + xPIL . ΔHvap (PIL) (7.14) 
 Excess of acid: 
ΔHvap (ideal 3) = xacid . ΔHvap (acid) + xPIL . ΔHvap (PIL)  (7.15) 
ΔHvap (observed 2) = ΔHvap (observed 1) . MMmixture / <MM> (7.16) 
MMmixture = xPIL . MMPIL + xbase . MMbase + xacid . MMacid  (7.17) 
<MM> = xbase . MMbase + xacid . MMacid    (7.18) 
 
The first approach, table 7.46 and figure 7.10, shows how the ΔHvap would 
change if the PIL was only constituted by acid and base. As can be seen, at the 
equilibrium proportion, the ΔHvap excess would be greater when compared to other 
proportions. DBU-based PILs present higher excess of ΔHvap and PILs with 
shorter acids seem to have also higher ΔHvap of excess.  
 
Table 7.46. Standard molar enthalpies of vaporization of excess, at T = 298.15 K, ∆Hvap (excess), of protic 
ionic liquid in function of the fraction of the acid, xacid in each protic ionic liquid and using Approach 1 (Acid + 




[DBNH][nPrCOO] [DBNH][nHeptCOO] [DBUH][nPrCOO] [DBUH][nHeptCOO] 
0.23 -2.5 - -5.0 - 
0.25 - - - -4.6 
0.27 - -2.0 - - 
0.33 -4.7 - -6.8 - 
0.34 - -5.3 - -9.6 
0.49 - -16.5 - - 
0.52 - - -26.8 - 
0.54 -20.0 - - -24.5 
0.55 - - -27.2 - 
0.57 -20.7 - - - 
0.61 - - - -25.5 
0.65 - -18.7 - - 
0.74 -15.2 -16.5 -16.6 - 
0.75 - - - -16.4 
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Figure 7.10. Standard molar enthalpies of vaporization, at T = 298.15 K, ∆Hvap (excess), of protic ionic liquid 
in function of the fraction of the acid, xacid in each protic ionic liquid and using Approach 1 (Acid + Base). 
DBN-based protic ionic liquids – circles, DBU-based protic ionic liquids – diamonds. Butyric acid – blue color 
and Octanoic acid – red color.  
 
The excess enthalpy of mixing by considering the mixture of pure base with pure 
acid (approach 1) is plotted in figure 7.10 as a function of the molar fraction of the acid, 
xacid. In this figure the PILs [DBNH][nPrCOO], [DBNH][nHeptCOO], [DBUH][nPrCOO] 
and [DBUH][nHeptCOO] were considered to evaluate both the effect of the acid and 
base. As it can be seen, the mixing is exothermic for all compositions, although 
significant in the acid-rich region. The maxima exothermically speaking, are found for 
xacid ≈ 0.5, but, not exactly the stoichiometric composition. The maxima occur at the 
azeotropic composition found for each PIL. This corroborate that these non-
stoichiometric compositions are thermodynamically preferred and suggests that the main 
driving force for the PILs to acquire non-stoichiometric ratio is the gain in cohesive 
energy on adding excess acid to the mixture.  
Approach 2 (table 7.47 and figure 7.11) shows the variation in ΔHvap if the PIL it’s 
a mixture of PIL and excess of one component (base or acid). The four different studied 
PILs like more acid in their composition and dislike more base. And bigger acids and 
proportions nearby equilibrium seem to increase the ΔHvap of excess. 
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Table 7.47. Standard molar enthalpies of vaporization of excess, at T = 298.15 K, ∆Hvap (excess), of protic 
ionic liquid in function of the fraction of the acid, xacid and in function of the fraction of the base, xbase in each 




[DBNH][nPrCOO] [DBNH][nHeptCOO] [DBUH][nPrCOO] [DBUH][nHeptCOO] 
0.70 8.8 - 9.4 - 
0.67 - - - 8.2 
0.63 - 9.3 - - 
0.51 12.2 - 15.8 - 
0.48 - 8.9 - 7.4 
0.18 - - -5.8 - 
0.25 -5.9 - - - 
0.36 - - - -14.6 
0.46 - -11.2 - - 
0.65 -6.5 -10.8 -3.7 - 
0.67 - - - -7.7 
 
 Figure 7.11 shows the excess enthalpy of mixing for the mixture of the 1:1 PIL 
with excess base (left) or acid (right) (approach 2). The results indicate clearly that the 
mixture is enthalpically stabilized upon addition of excess acid but destabilized by adding 
excess base. As in approach 1 the maximum occurs at the azeotropic composition of the 
PILs.  
 
Figure 7.11. Standard molar enthalpies of vaporization, at T = 298.15 K, ∆Hvap (excess), of protic ionic liquid 
in function of the fraction of the acid, xacid and in function of the fraction of the base, xbase in each protic ionic 
liquid and using Approach 2 (PIL + base and PIL + acid). DBN-based protic ionic liquids – circles, DBU-
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Destabilization by adding excess base is easily understood by analyzing the 
figures B.1 and B.2, presented in Annex B. High proportion of base decreases the molar 
fraction of PIL in equilibrium, thus reducing the cohesive energy of the less ionic liquid. 
Although the effect of increasing the acid in the PIL molar fraction is identical, the excess 
acid can compensate for this by establishing H-bonds with the ion pair. Hence, the 
azeotropic composition reflects the compromise between these two effects: the decrease 
of PIL concentration as that of the acid increases and the function of ion pair ---- neutral 
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8. Concluding Remarks and Perspectives 
 
8.1. Final remarks 
 
 Throughout this project some key physicochemical properties of PILs were 
measured in order to contribute to the comprehensive study of the stability of PILs. The 
main achievements and conclusions of this work are summarized according the studied 













The experimental and theoretical studies of the studied superbases proton affinity 
indicate the following order of basicity: TBD > DBU > DBN ≥ DMTHP >TMG. It was found 
that the ion pair is enthalpically preferred in all PILs and that in the gas phase, the PILs 
exist mostly as a distribution of ion pair and isolated neutral species, this distribution being 
dependent on the equilibrium temperature and pressure. The accessible surface areas of 
several PILs were studied and the distances between the acids and superbases were 
calculated. A nice correlation between the basicity strength of the superbases and the 
























Crystal forms of PILs composed with acids of intermediate chain length, seems to 
not be accessible. The observed “V-Shape” profile is quite similar than the observed in 
previous studies dealing with aprotic ILs. This intermediate region arises a consequence 
of the weakening of the electrostatic interactions and decrease of the symmetry of the 
anions or cations. The increase of the melting temperature after that, appears a 
consequence of the impact of the increase of the alkyl chain dispersive interaction. The 
higher (about 20 K) Tg of DBU PILs compared to the DBN analogues, can be explained by 
their higher ionicity. The Tg/Tm ratio was found to be around 0.75 for these two PILs families 
(DBN and DBU-based), quite similar to those of AILs.  
 High accurate (1% uncertainty) molar heat capacity of the PILs (derived from the 
combination of the DBU and DBN with carboxylic acid series) were measured in the 
temperature range (283 to 363 K). A good linear dependence of the molar heat capacity 
at (298.15 K) with the number of methylene groups “-CH2-“ was found, with a “-CH2-“ Cp 
contribution very  similar than in alkanes. A trend shift at n = 5 and two different regions (A 
for short acids and B for long acids) was found following the similar profile observed in the 
the molar heat capacities of the carboxylic acids. A linear multivariable (T, n) dependence 
of the molar heat capacities (applied to each base DBN and DBU) with the temperature T 
and alkyl chain length n, was found to fit quite well (better than 1%) the experimental 
results. At T = 298.15 K, the excess molar heat capacities are positive being around 30 
J·K-1·mol-1 higher for the DBU-based protic ionic liquids when compared to the DBN-based 
protic ionic liquids. These positive values are in agreement with a higher iconicity character 
of the studied PILs. 
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All PILs show pronounced negative deviations from Raoult’s Law, with a significant 
decrease of vapor pressure, indicating that the mixture is significantly stabilized. The 
azeotropic composition was found to be depend on the extent of the acid-base equilibrium 
and also on the alkyl chain length of the carboxylic acid. The increase in the azeotrope 
molar fraction of the acid as its alkyl chain increases follows the decrease of the acid’s 
volatility and seems to converge to the 2 (acid) to 1(base) molar ratio. The azeotropic 
composition for the DBU PILs is closer to 50:50 because DBU is the strongest and least 
volatile of the bases. Although DBN and DMTHP are similarly basic, DMTHP is more 
volatile and thus its azeotropic proportion is lower.  
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The strong effect of changing the base was also evident in the ∆Hvap of the studied 
PILs, as measured by Calvet microcalorimetry. The results indicate that the 
physicochemical properties of the PILs are more dependent on the strength of the acid-
base interaction than on the alkyl chain length of the carboxylic acid. From the magnitude 
of ∆Hvap it can be concluded that in the studied PILs, the proton transfer between acid and 
base occurs at a large extent and a significant fraction of species exist as ions. Increasing 
the alkyl chain of the acid generally increases ∆Hvap of the PILs due to stronger van der 
Waals interactions. The change of the superbase (from DBN to DBU) increases ∆Hvap 
significantly. This is due to the higher proton exchange enthalpy of DBU, in minor scale 
due to the increase of the proportion of ions in liquid PILs and also due to the 
shape/size/structuration of the liquid. A trend-shift along the acid’s alkyl chain length was 
observed for the vaporization. This change in trend occurs at n = 4-6 and may be related 
with nanostructuration pattern in the liquid phase of PILs which is similar than the observed 
in some other AILs series. The results suggest that the liquid-phase azeotropic 
composition of the PILs is dominated by an H-bonded interaction and the complex formed 
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8.2. Future work and perspectives 
 
 For future work and perspectives considering the topic studied in this work, one 
can say that several studies and properties are still a “world to discover”.  
Measurements of the viscosities and densities of PILs are quite essential to 
understand better their behaviour as a function of the temperature. Mixtures of PILs with 
different proportions, solubility and or solvation of gases and other solvents (H2O, alcohols 
etc.) in PILs, thermophysical properties of new PILs with new superbases and other acids, 
simulation of PILs and their clusters etc., the effect of the acid in the PIL and their 
properties (trend shift in heat capacities), are some topics that should be considered to 
think, work and investigate in the future.  
 As a major perspective and motivation for the future will be the robust study of the 
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1H, 13C and 19F NMR data 
 




1H NMR (300 MHz, CDCl3), δ / ppm, 10.76 (s, 1H), 3.66 (t, J = 7.2 Hz, 2H), 3.50-3.40 
(m, 4H), 3.04 (t, J = 8.1 Hz, 2H), 2.17  (dt, J1 ≈ J2 = 7.6 Hz, 2H), 2.05 (dt, J1 ≈ J2 = 6.0 
Hz, 2H), 1.94 (s, 3H); 13C NMR (75 MHz, CDCl3), δ / ppm, 177.2, 163.8, 52.6, 42.2, 




1H NMR (300 MHz, CDCl3), δ / ppm, 12.99 (s, 1H), 3.66 (t, J = 7.2 Hz, 2H), 3.52-3.41 
(m, 4H), 3.07 (t, J = 8.1 Hz, 2H), 2.25-2.12 (m, 4H), 2.05 (dt, J1 ≈ J2 = 6.0 Hz, 2H), 1.10 
(t, J = 7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3), δ / ppm, 180.3, 163.7, 52.6, 42.1, 37.5, 




1H NMR (300 MHz, CDCl3), δ / ppm, 11.79 (s, 1H), 3.65 (t, J = 7.2 Hz, 2H), 3.51-3.40 
(m, 4H), 3.07 (t, J = 8.1 Hz, 2H), 2.22-2.10 (m, 4H), 2.04 (dt, J1 ≈ J2 = 6.0 Hz, 2H), 1.63 
(sextet, J = 7.5 Hz, 2H), 0.94 (t, J = 7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3), δ / ppm, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.57 (t, J = 7.2 Hz, 2H), 3.49 (t, J = 5.7 Hz, 2H), 
3.36 (m, 2H), 3.11 (t, J = 8.1 Hz, 2H), 2.24 (t, J = 7.2 Hz, 2H), 2.13 (dt, J1 ≈ J2 = 7.8 Hz, 
2H), 2.02 (dt, J1 ≈ J2 = 5.7 Hz, 2H), 1.74-1.55 (m, 2H), 1.43-1.25 (m, 3H), 0.91 (t, J = 
7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3), δ / ppm, 180.6, 164.3, 52.9, 42.5, 38.0, 37.7, 







1H NMR (300 MHz, CDCl3), δ / ppm, 3.60 (t, J = 7.2 Hz, 2H), 3.47 (t, J = 6.0 Hz, 2H), 
3.39 (t, J = 6.0 Hz, 2H), 3.06 (t, J = 8.1 Hz, 2H), 2.25-2.07 (m, 4H), 2.02 (dt, J1 ≈ J2 = 
6.0 Hz, 2H), 1.71-1.56 (m, 2H), 1.40-1.25 (m, 4H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR 





1H NMR (300 MHz, CDCl3), δ / ppm, 3.58 (t, J = 6.9 Hz, 2H), 3.49 (t, J = 5.7 Hz, 2H), 
3.36 (m, 2H), 3.10 (t, J = 7.8 Hz, 2H), 2.27-2.07 (m, 4H), 2.02 (dt, J1 ≈ J2 = 5.7 Hz, 2H), 
1.77-1.54 (m, 2H), 1.40-1.18 (m, 6H), 0.87 (t, J = 6.6 Hz, 3H); 13C NMR (75 MHz, 





1H NMR (300 MHz, CDCl3), δ / ppm, 3.59 (t, J = 7.2 Hz, 2H), 3.48 (t, J = 5.7 Hz, 2H), 
3.38 (t, J = 6.0 Hz, 2H), 3.08 (t, J = 8.1 Hz, 2H), 2.25-2.07 (m, 4H), 2.02 (dt, J1 ≈ J2 = 
6.0 Hz, 2H), 1.70-1.54 (m, 2H), 1.41-1.18 (m, 8H), 0.86 (t, J = 6.9 Hz, 3H); 13C NMR 
(75 MHz, CDCl3), δ / ppm, 180.6, 164.0, 52.7, 42.4, 38.5. 38.0, 31.7, 29.7, 29.6, 29.2, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.55-3.40 (m, 6H), 2.94-2.81 (m, 3H), 2.03 (dt, J1 
≈ J2 = 6.0 Hz, 2H), 1.97 (s, 3H), 1.83-1.62 (m, 6H); 13C NMR (75 MHz, CDCl3), δ / ppm, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.56-3.41 (m, 6H), 2.95-2.82 (m, 3H), 2.23 (q, J = 
7.5 Hz, 2H), 2.02 (dt, J1 ≈ J2 = 6.0 Hz, 2H), 1.85-1.62 (m, 6H), 1.11 (t, J = 7.5 Hz, 3H); 
13C NMR (75 MHz, CDCl3), δ / ppm, 180.7, 165.7, 53.9, 48.4, 37.8, 31.7, 30.8, 28.9, 








1H NMR (300 MHz, CDCl3), δ / ppm, 3.57-3.41 (m, 6H), 2.96-2.84 (m, 3H), 2.18 (t, J = 
7.5 Hz, 2H), 2.03 (dt, J1 ≈ J2 = 6.0 Hz, 2H), 1.83-1.56 (m, 8H), 0.93 (t, J = 7.5 Hz, 3H); 
13C NMR (75 MHz, CDCl3), δ / ppm, 179.8, 165.5, 53.8, 48.3, 40.4, 37.7, 31.5, 28.8, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.54-3.38 (m, 6H), 2.96-2.84 (m, 3H), 2.23 (t, J = 
7.2 Hz, 2H), 2.00 (dt, J1 ≈ J2 = 5.7 Hz, 2H), 1.85-1.55 (m, 8H), 1.43-1.27 (dt, J1 ≈ J2 = 
7.5 Hz, 2H),  0.90 (t, J = 7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3), δ / ppm,180.8, 165.9, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.54-3.41 (m, 6H), 2.95-2.84 (m, 3H), 2.21 (t, J = 
7.5 Hz, 2H), 2.02 (dt, J1 ≈ J2 = 6.0 Hz, 2H), 1.84-1.56 (m, 8H), 1.40-1.23 (m, 4H), 0.88 
(t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3), δ / ppm, 180.5, 165.7, 53.9, 48.5, 38.5, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.54-3.37 (m, 6H), 2.96-2.84 (m, 3H), 2.22 (t, J = 
7.5 Hz, 2H), 2.01 (dt, J1 ≈ J2 = 5.7 Hz, 2H), 1.84-1.55 (m, 8H), 1.40-1.23 (m, 6H), 0.87 
(t, J = 6.3 Hz, 3H); 13C NMR (75 MHz, CDCl3), δ / ppm,180.8, 165.9, 54.1, 48.6, 38.4, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.53-3.37 (m, 6H), 2.96-2.84 (m, 3H), 2.22 (t, J = 
7.5 Hz, 2H), 2.00 (dt, J1 ≈ J2 = 6.0 Hz, 2H), 1.84-1.56 (m, 8H), 1.41-1.18 (m, 8H), 0.86 










1H NMR (300 MHz, CDCl3), δ / ppm, 3.47 (t, J = 6.0 Hz, 2H), 3.41-3.29 (m, 2H), 3.11 





1H NMR (300 MHz, CDCl3), δ / ppm, 3.48 (t, J = 5.7 Hz, 2H), 3.37 (t, J = 5.7 Hz, 2H), 
3.10 (s, 3H), 2.41 (s, 3H), 2.22 (t, J = 7.5 Hz, 2H), 2.02 (dt, J1 ≈ J2 = 6.0 Hz, 2H), 1.71-
1.56 (m, 3H), 1.41-1.24 (m, 4H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3), δ / 




1H NMR (300 MHz, CDCl3), δ / ppm, 11.69 (s, 1H), 3.66 (t, J = 7.2 Hz, 2H), 3.52-3.40 
(m, 4H), 3.07 (t, J = 7.8 Hz, 2H), 2.46-2.29 (m, 1H), 2.24-2.10 (m, 2H), 2.10-1.99 (m, 
2H), 1.20-1.08 (m, 6H); 13C NMR (75 MHz, CDCl3), δ / ppm, 180.2, 162.8, 52.2, 42.1, 




1H NMR (300 MHz, CDCl3), δ / ppm, 3.66 (t, J = 7.2 Hz, 2H), 3.49 (t, J = 5.7 Hz, 2H), 
3.43 (t, J = 5.7 Hz, 2H), 3.10 (t, J = 8.1 Hz, 2H), 2.26-1.96 (m, 5H); 19F NMR (282 MHz, 





1H NMR (300 MHz, CDCl3), δ / ppm, 3.58-3.40 (m, 6H), 2.96-2.82 (m, 2H), 2.47-2.31 
(m, 1H), 2.10-1.95 (m, 2H), 1.85-1.60 (m, 6H), 1.20-1.06 (m, 6H); 13C NMR (75 MHz, 











FTIR data for the PILs studied: 
 
Figure A.1. FTIR spectrum of DBN, at T = 298 K. 
 





Figure A.3. FTIR spectrum of MeCOOH, at T = 298 K. 
 







Figure A.5. FTIR spectrum of nPrCOOH, at T = 298 K. 
 






Figure A.7. FTIR spectrum of [DBNH][EtCOO], at T = 298 K. 
 






Figure A.9. FTIR spectrum of [DBNH][nPentCOO], at T = 298 K. 
 






Figure A.11. FTIR spectrum of [DBUH][MeCOO], at T = 298 K. 
 






Figure A.13. FTIR spectrum of [DBUH][nPrCOO], at T = 298 K. 
 













































Quantum chemical calculations data 
Table B.1. (Part 1 of 2) Electronic energies, Eel, at T = 0K, and enthalpies, at T = 298.15K (H298.15), for the 
optimized geometries of the compounds considered in this work, at the B3LYP/6-311++G(d,p), M06-2X/6-




H298.15 / Hartree.particle-1 
B3LYP M06-2X MP2 B3LYP M06-2X MP2
 
DBN -383.57380 -383.39972 -382.27592 -383.37827 -383.20231 -382.07809 
DBNH -383.98440 -383.80645 -382.68517 -383.77385 -383.59418 -382.47232 
DBU -462.21207 -462.00293 -460.63336 -461.95627 -461.74479 -460.37463 
DBUH -462.62591 -462.41189 -461.04374 -462.35522 -462.13874 -460.77012 
TBD -438.94412 -438.75117 -437.47703 -438.72967 -438.53444 -437.25979 
TBDH -439.36208 -439.16542 -437.89432 -439.13272 -438.93416 -437.66241 
TMG -362.69998 -362.52783 -361.46779 -362.50170 -362.32727 -361.26707 
TMGH -363.05521 -362.87819 -361.82529 -362.84377 -362.66553 -361.61242 
DMTHP -345.45419 -345.28982 -344.27145 -345.26653 -345.10032 -344.08139 
DMTHPH -345.86424 -345.69669 -344.68125 -345.66152 -345.49225 -344.47616 
Acetic acid -229.16483 -229.06486 -228.47198 -229.09778 -228.99683 -228.40406 
Acetate -228.60249 -228.50079 -227.88222 -228.55029 -228.44792 -227.82835 
Propionic acid -268.48961 -268.36908 -267.65379 -268.39281 -268.27105 -267.55562 
Propanoate -267.92770 -267.80575 -267.06732 -267.84589 -267.72178 -266.98420 
Butyric acid -307.81385 -307.67232 -306.83446 -307.68734 -307.54568 -306.70626 
Butanoate -307.25257 -307.10974 -306.24919 -307.14117 -306.99746 -306.13617 
Pentanoic acid -347.13826 -346.97585 -346.01529 -346.98207 -346.81765 -345.85703 
Pentanoate -346.57726 -346.41366 -345.43056 -346.43621 -346.26980 -345.28753 
Hexanoic acid -386.46265 -386.27930 -385.19610 -386.27676 -386.09154 -385.00777 
Hexanoate -385.90185 -385.71732 -384.61167 -385.73112 -385.54488 -384.43860 
Heptanoic acid -425.78700 -425.58277 -424.37687 -425.57141 -425.36450 -424.15848 
Heptanoate -425.22631 -425.02094 -423.79214 -425.02590 -424.81706 -423.58898 
Octanoic acid -465.11136 -464.88620 -463.55763 -464.86608 -464.63817 -463.30918 
Octanoate -464.55074 -464.32445 -462.97344 -464.32065 -464.09086 -462.74028 
Pentafluoropropanoic acid -764.82335 -764.57668 -762.83337 -764.76258 -764.51409 -762.77123 
Pentafluoropropanoate -764.38404 -764.13851 -762.41810 -764.30809 -764.06153 -762.34073 




Table B.1. (Part 2 of 2) Electronic energies, Eel, at T = 0K, and enthalpies, at T = 298.15K (H298.15), for the 
optimized geometries of the compounds considered in this work, at the B3LYP/6-311++G(d,p), M06-2X/6-
311++G(d,p) and the MP2/cc-pVDZ, levels of theory. Scaling factors applied. 
 
Compound 





Heptafluorobutanoate -1002.2397 -1002.0366 -999.66746 -1002.1489 -1001.9466 -999.5747 
[DBNH][MeCOO] -612.76062 -612.48972 -610.77499 -612.49615 -612.22269 -610.50695 
[DBNH][EtCOO] -652.08512 -651.79375 -649.95697 -651.79087 -651.49648 -649.65873 
[DBNH][nPrCOO] -691.40923 -691.09691 -689.13768 -691.08534 -690.76968 -688.80943 
[DBNH][nButCOO] -730.73297 -730.40033 -728.31846 -730.37937 -730.04324 -727.96010 
[DBNH][nPentCOO] -770.05734 -769.70392 -767.49928 -769.67404 -769.31813 -767.11086 
[DBNH][nHexCOO] -809.38169 -809.00719 -806.68005 -808.96870 -808.59015 -806.26156 
[DBNH][nHeptCOO] -848.70564 -848.31036 -845.86081 -848.26305 -847.86401 -845.41227 
[DBUH][MeCOO] -691.39471 -691.08971 -689.12892 -691.07034 -690.76190 -688.80021 
[DBUH][EtCOO] -730.71898 -730.39309 -728.31090 -730.36448 -730.03545 -727.95191 
[DBUH][nPrCOO] -770.04351 -769.69663 -767.49195 -769.66023 -769.30836 -767.10289 
[DBUH][nButCOO] -809.36780 -809.00021 -806.67286 -808.95362 -808.58232 -806.25372 
[DBUH][nPentCOO] -848.69315 -848.30465 -845.85473 -848.24983 -847.85856 -845.40577 
[DBUH][nHexCOO] -888.01674 -887.60703 -885.03468 -887.54336 -887.12874 -884.55539 
[DBUH][nHeptCOO] -927.33951 -926.90925 -924.21347 -926.84143 -926.40078 -923.70401 
[DBNH][FEtCOO] -1148.43311 -1148.0178 -1145.14027 -1148.1748 -1147.7538 -1144.8769 
[DBNH][FPrCOO] -1386.28965 -1385.8032 -1382.39196 -1386.0164 -1385.6339 -1382.1138 
[DBUH][FEtCOO] -1227.07201 -1226.6208 -1223.50086 -1226.7530 -1226.2869 -1223.1775 
[DBUH][FPrCOO] -1464.92778 -1464.4075 -1460.75235 -1464.5940 -1464.1682 -1460.4141 
[TBDH][EtCOO] -707.46668 -707.14545 -705.15617 -707.15401 -706.82763 -704.83852 
[TBDH][nPentCOO] -825.43956 -825.05543 -822.69877 -825.03791 -824.64877 -822.29092 
[TMGH][EtCOO] -631.19551 -630.91027 -629.13906 -630.89776 -630.60923 -628.83764 
[TMGH][nPentCOO] -749.16894 -748.82080 -746.68182 -748.78199 -748.42976 -746.29018 
[DMTHPH][EtCOO] -613.96305 -613.68227 -611.95133 -613.67639 -613.39283 -611.66077 
[DMTHPH][nPrCOO] -653.28759 -652.98580 -651.13237 -652.97117 -652.66690 -650.81174 
[DMTHPH][nButCOO] -692.61213 -692.28933 -690.31341 -692.26595 -691.94097 -689.96271 
[DMTHPH][nPentCOO] -731.93638 -731.59265 -729.49408 -731.56062 -731.21341 -729.11331 
[DMTHPH][nHexCOO] -771.26081 -770.89599 -768.67509 -770.85511 -770.48871 -768.26425 





Table B.2. (Part 1 of 2) Heat capacities, at the gaseous phase and at constant pressure, Cp, at T = 
298.15K, for the optimized geometries of the compounds considered in this work, at the B3LYP/6-




B3LYP M06-2X MP2 
DBN 140.417 136.985 141.836 
DBNH 145.008 141.346 146.687 
DBU 179.921 174.969 181.482 
DBUH 185.232 179.940 187.143 
TBD 157.582 153.376 158.076 
TBDH 165.537 161.827 167.095 
TMG 162.265 157.671 162.851 
TMGH 160.828 147.482 153.410 
DMTHP 142.570 139.484 143.776 
DMTHPH 147.371 143.731 149.084 
Acetic acid 69.822 68.178 69.987 
Acetate 56.091 55.006 55.054 
Propionic acid 90.786 88.858 90.846 
Propanoate 77.176 83.458 77.445 
Butyric acid 111.659 101.643 112.047 
Butanoate 98.079 96.580 98.775 
Pentanoic acid 132.743 129.618 133.230 
Pentanoate 119.201 124.394 120.033 
Hexanoic acid 153.684 150.838 154.413 
Hexanoate 140.191 137.306 141.257 
Heptanoic acid 174.678 170.531 175.603 
Heptanoate 161.198 165.357 162.180 
Octanoic acid 195.668 191.424 196.792 
Octanoate 182.223 186.321 183.676 
Pentafluoropropanoic acid 142.363 138.154 141.284 
Pentafluoropropanoate 128.753 132.754 127.883 
Heptafluorobutyric acid 186.778 182.569 185.053 
Heptafluorobutanoate 173.236 177.345 171.856 
[DBNH][MeCOO] 220.264 214.897 221.865 
[DBNH][EtCOO] 241.180 234.615 242.655 
[DBNH][nPrCOO] 262.266 255.268 263.858 
[DBNH][nButCOO] 283.313 276.511 285.346 
[DBNH][nPentCOO] 304.255 289.466 306.527 
[DBNH][nHexCOO] 325.253 317.653 327.717 
[DBNH][nHeptCOO] 346.211 334.693 348.909 
[DBUH][MeCOO] 260.593 253.152 262.257 
[DBUH][EtCOO] 280.357 272.763 281.905 





Table B.2. (Part 2 of 2) Heat capacities, at the gaseous phase and at constant pressure, Cp, at T = 
298.15K, for the optimized geometries of the compounds considered in this work, at the B3LYP/6-
311++G(d,p), M06-2X/6-311++G(d,p) and the MP2/cc-pVDZ, levels of theory. 
Compound 
Cp / J.K.mol-1 
B3LYP M06-2X MP2
 
[DBUH][nButCOO] 322.243 313.252 324.226 
[DBUH][nPentCOO] 344.033 327.229 346.148 
[DBUH][nHexCOO] 363.987 353.621 366.525 
[DBUH][nHeptCOO] 385.427 374.864 388.295 
[DBNH][FEtCOO] 292.200 285.712 294.483 
[DBNH][FPrCOO] 336.353 328.749 336.101 
[DBUH][FEtCOO] 332.027 323.863 332.021 
[DBUH][FPrCOO] 376.281 365.624 375.670 
[TBDH][EtCOO] 254.125 249.811 256.558 
[TBDH][nPentCOO] 317.162 303.995 320.184 
[TMGH][EtCOO] 264.034 256.377 263.879 
[TMGH][nPentCOO] 326.633 317.692 327.413 
[DMTHPH][EtCOO] 242.878 238.863 244.014 
[DMTHPH][nPrCOO] 263.610 258.458 265.201 
[DMTHPH][nButCOO] 284.642 277.286 286.388 
[DMTHPH][nPentCOO] 305.835 298.395 307.537 
[DMTHPH][nHexCOO] 326.806 318.562 328.762 


















Table B.3. (Part 1 of 2) Standard molar entropy, 𝑆𝑚
𝑜 , at T = 298.15K, and thermal enthalpy, ∆∆H also at T 
= 298.15K, for the optimized geometries of the compounds considered in this work, at the B3LYP/6-






∆∆H / kJ.mol-1 
B3LYP M06-2X MP2 B3LYP M06-2X MP2
 
DBN 365.558 363.383 364.266 23.519 23.124 23.504 
DBNH 366.301 363.698 366.224 23.889 23.435 24.004 
DBU 412.771 411.181 414.264 29.283 28.650 29.370 
DBUH 411.524 405.651 411.365 29.744 28.906 29.889 
TBD 387.346 384.792 387.499 26.168 25.678 26.114 
TBDH 394.464 393.199 396.862 27.498 27.167 27.796 
TMG 404.269 397.443 402.454 29.516 28.550 29.360 
TMGH 411.365 376.531 387.142 29.236 25.780 27.040 
DMTHP 372.412 375.039 373.231 24.941 24.845 25.042 
DMTHPH 377.283 369.955 378.561 25.602 24.804 25.839 
Acetic acid 291.943 283.666 287.719 14.780 14.230 14.621 
Acetate 268.675 267.964 292.260 12.024 11.901 14.392 
Propionic acid 319.136 314.589 317.922 17.914 17.475 17.810 
Propanoate 296.955 316.749 295.408 15.236 17.136 15.102 
Butyric acid 352.993 330.462 350.602 21.431 19.081 21.366 
Butanoate 327.591 328.290 326.709 18.614 18.573 18.598 
Pentanoic acid 383.545 375.153 383.439 25.015 24.329 25.004 
Pentanoate 359.261 376.170 358.503 22.239 23.911 22.226 
Hexanoic acid 415.977 416.466 416.501 28.642 28.355 28.668 
Hexanoate 391.114 389.707 390.720 25.863 25.540 25.881 
Heptanoic acid 447.273 436.519 448.850 32.268 31.393 32.352 
Heptanoate 422.898 437.899 427.265 29.502 30.984 29.807 
Octanoic acid 479.612 472.951 481.605 35.934 35.237 36.047 
Octanoate 455.042 479.491 455.621 33.177 34.915 33.252 
Pentafluoropropanoic acid 405.794 400.347 405.308 26.794 26.121 26.671 
Pentafluoropropanoate 381.732 393.668 386.280 24.032 24.985 24.369 
Heptafluorobutyric acid 467.351 461.258 466.258 34.473 33.952 34.246 
Heptafluorobutanoate 443.289 454.579 447.230 31.711 32.816 31.944 
[DBNH][MeCOO] 518.942 506.015 506.972 39.804 38.577 39.417 




Table B.3. (Part 2 of 2) Standard molar entropy, 𝑆𝑚
𝑜 , at T = 298.15K, and thermal enthalpy, ∆∆H also at 
T = 298.15K, for the optimized geometries of the compounds considered in this work, at the B3LYP/6-




 / J.K.mol-1 ∆∆H / kJ.mol-1 
B3LYP M06-2X MP2 B3LYP M06-2X MP2 
[DBNH][nPrCOO] 580.357 555.707 569.185 46.843 45.060 46.420 
[DBNH][nButCOO] 610.539 593.078 600.528 50.492 48.933 50.001 
[DBNH][nPentCOO] 640.087 611.865 633.139 54.093 51.018 53.703 
[DBNH][nHexCOO] 672.428 655.941 665.902 57.799 56.131 57.408 
[DBNH][nHeptCOO] 703.155 679.591 698.721 61.435 58.897 61.122 
[DBUH][MeCOO] 567.924 549.522 556.646 45.915 44.241 45.560 
[DBUH][EtCOO] 590.698 569.853 578.663 48.863 47.087 48.438 
[DBUH][nPrCOO] 596.135 587.370 610.546 50.184 50.085 52.102 
[DBUH][nButCOO] 649.770 637.049 643.259 56.029 54.124 55.768 
[DBUH][nPentCOO] 683.696 644.954 675.435 59.945 55.957 59.603 
[DBUH][nHexCOO] 714.885 677.050 708.268 63.330 60.668 63.102 
[DBUH][nHeptCOO] 740.595 711.531 758.008 66.661 64.682 67.334 
[DBNH][FEtCOO] 635.879 579.244 596.089 52.112 49.436 50.946 
[DBNH][FPrCOO] 688.968 655.302 664.494 59.656 57.605 58.627 
[DBUH][FEtCOO] 667.028 636.724 649.782 57.760 55.563 56.688 
[DBUH][FPrCOO] 732.867 687.855 698.856 65.509 62.652 64.274 
[TBDH][EtCOO] 553.960 540.114 546.915 44.893 43.502 44.388 
[TBDH][nPentCOO] 648.923 608.563 645.655 55.889 52.310 55.443 
[TMGH][EtCOO] 585.737 566.409 575.434 48.906 47.190 48.308 
[TMGH][nPentCOO] 680.210 661.140 673.064 59.753 57.865 59.341 
[DMTHPH][EtCOO] 564.827 549.672 547.923 44.792 43.255 44.205 
[DMTHPH][nPrCOO] 590.238 579.654 580.034 48.205 44.212 47.874 
[DMTHPH][nButCOO] 628.155 598.775 612.145 52.054 49.850 51.543 
[DMTHPH][nPentCOO] 660.613 636.183 645.278 55.796 53.998 55.230 
[DMTHPH][nHexCOO] 692.377 664.627 676.367 59.392 57.243 58.881 







Table B.4. The distance between an acid (-OH) and base in each PIL, d, at the B3LYP/6-311++G(d,p), 




B3LYP M06-2X MP2 
[DBNH][MeCOO] 1.6504 1.6159 1.6587 
[DBNH][EtCOO] 1.6545 1.6170 1.6562 
[DBNH][nPrCOO] 1.6550 1.6121 1.6554 
[DBNH][nButCOO] 1.6556 1.6609 1.6906 
[DBNH][nPentCOO] 1.6560 1.6052 1.6905 
[DBNH][nHexCOO] 1.6564 1.6741 1.6906 
[DBNH][nHeptCOO] 1.6566 1.6743 1.6907 
[DBUH][MeCOO] 1.6329 1.5763 1.6204 
[DBUH][EtCOO] 1.6283 1.5706 1.6202 
[DBUH][nPrCOO] 1.6325 1.5835 1.6207 
[DBUH][nButCOO] 1.6708 1.5690 1.6206 
[DBUH][nPentCOO] 1.6329 1.5800 1.6266 
[DBUH][nHexCOO] 1.6516 1.5826 1.6384 
[DBUH][nHeptCOO] 1.6519 1.5931 1.6384 
[DBNH][FEtCOO] 1.0929 1.0185 1.0468 
[DBNH][FPrCOO] 1.0895 1.0242 1.0801 
[DBUH][FEtCOO] 1.0787 1.0365 1.0865 
[DBUH][FPrCOO] 1.0777 1.0459 1.1045 
[TBDH][EtCOO] 1.5901 1.9136 1.5552 
[TBDH][nPentCOO] 1.5674 1.8171 1.5674 
[TMGH][EtCOO] 1.9142 1.7820 1.7465 
[TMGH][nPentCOO] 1.9116 1.7833 1.7476 
[DMTHPH][EtCOO] 1.6429 1.5889 1.6357 
[DMTHPH][nPrCOO] 1.6444 1.5967 1.6361 
[DMTHPH][nButCOO] 1.6456 1.5924 1.6362 
[DMTHPH][nPentCOO] 1.6435 1.5859 1.6362 
[DMTHPH][nHexCOO] 1.6433 1.5860 1.6362 






Table B.5. The distance between an acid (=O) and base in each PIL, d, at the B3LYP/6-311++G(d,p), 





B3LYP M06-2X MP2 
[DBNH][MeCOO] 3.5248 3.1652 3.1457 
[DBNH][EtCOO] 3.5346 3.1792 3.1401 
[DBNH][nPrCOO] 3.5343 3.1754 3.1400 
[DBNH][nButCOO] 3.4668 3.0529 3.0788 
[DBNH][nPentCOO] 3.4657 3.3131 3.0794 
[DBNH][nHexCOO] 3.4580 3.0449 3.0795 
[DBNH][nHeptCOO] 3.4604 3.0454 3.0795 
[DBUH][MeCOO] 3.4447 3.2872 3.1793 
[DBUH][EtCOO] 3.4020 3.1263 3.1351 
[DBUH][nPrCOO] 3.3971 3.1329 3.1350 
[DBUH][nButCOO] 3.6430 3.1325 3.1349 
[DBUH][nPentCOO] 3.4002 3.1284 3.1337 
[DBUH][nHexCOO] 3.6036 3.1322 3.0646 
[DBUH][nHeptCOO] 3.6042 3.2770 3.0646 
[DBNH][FEtCOO] 3.3493 3.0091 2.9514 
[DBNH][FPrCOO] 3.4628 2.9287 2.8843 
[DBUH][FEtCOO] 3.2702 2.9293 2.9326 
[DBUH][FPrCOO] 3.6038 2.9222 2.9531 
[TBDH][EtCOO] 2.7321 2.7079 2.5589 
[TBDH][nPentCOO] 2.7302 2.6789 2.5640 
[TMGH][EtCOO] 3.6374 3.3191 3.2780 
[TMGH][nPentCOO] 3.6338 3.3211 3.2774 
[DMTHPH][EtCOO] 3.3967 3.1433 3.1292 
[DMTHPH][nPrCOO] 3.3979 3.1260 3.1293 
[DMTHPH][nButCOO] 3.3983 3.1374 3.1292 
[DMTHPH][nPentCOO] 3.3997 3.1404 3.1293 
[DMTHPH][nHexCOO] 3.4218 3.1628 3.1292 






Table B.6. (Part 1 of 2) Accessible surface area, ASA, and polar area, PA, for the optimized geometries of 
the compounds considered in this work, at the B3LYP/6-311++G(d,p), M06-2X/6-311++G(d,p) and the 




PA / Å2 
B3LYP M06-2X MP2 B3LYP M06-2X MP2
 
DBN 161.4 161.2 161.6 14.7 14.9 14.9 
DBNH 164.3 164.3 164.9 18.2 17.5 17.6 
DBU 195.0 191.0 194.1 13.6 13.8 14.5 
DBUH 198.9 198.7 201.7 17.2 16.8 17.1 
TBD 173.1 173.0 171.9 28.9 29.3 29.5 
TBDH 175.5 174.6 177.0 31.4 31.3 31.6 
TMG 168.7 166.8 168.0 27.5 28.0 27.9 
TMGH 175.3 172.3 175.1 31.7 31.3 31.3 
DMTHP 157.6 153.7 156.7 14.7 14.2 14.7 
DMTHPH 158.4 159.8 160.3 16.4 16.3 16.2 
Acetic acid 83.7 83.8 83.9 40.7 40.7 40.4 
Acetate 79.7 79.8 81.0 36.2 36.2 36.2 
Propionic acid 104.3 103.6 104.1 38.9 38.4 38.6 
Propanoate 103.0 102.2 102.6 35.8 35.3 35.3 
Butyric acid 125.8 125.0 125.5 40.1 39.5 39.5 
Butanoate 121.4 121.2 123.0 35.5 35.3 35.7 
Pentanoic acid 151.1 149.2 148.6 40.0 39.8 39.8 
Pentanoate 147.0 145.6 146.1 35.8 35.5 35.7 
Hexanoic acid 171.3 170.7 172.0 40.1 39.9 40.4 
Hexanoate 168.2 166.9 168.3 35.5 34.9 35.7 
Heptanoic acid 196.2 194.7 194.9 40.0 39.8 39.4 
Heptanoate 192.3 190.3 192.0 35.8 35.7 35.7 
Octanoic acid 216.4 215.0 216.6 39.8 39.8 40.0 
Octanoate 212.4 211.2 212.7 35.5 35.7 35.7 
Pentafluoropropanoic acid 134.0 132.8 132.6 39.2 39.0 38.9 
Pentafluoropropanoate 130.6 129.4 130.0 35.1 34.9 35.0 
Heptafluorobutyric acid 166.3 161.8 162.9 39.4 39.9 39.8 
Heptafluorobutanoate 162.1 157.7 159.6 35.2 35.7 35.8 
[DBNH][MeCOO] 235.1 232.0 234.2 45.2 44.0 45.2 




Table B.6. (Part 2 of 2) Accessible surface area, ASA, and polar area, PA, for the optimized geometries 
of the compounds considered in this work, at the B3LYP/6-311++G(d,p), M06-2X/6-311++G(d,p) and 
the MP2/cc-pVDZ, levels of theory. 
Compound 





[DBNH][nPrCOO] 275.7 270.4 276.7 44.0 41.6 44.3 
[DBNH][nButCOO] 299.3 294.0 299.8 44.5 44.6 44.6 
[DBNH][nPentCOO] 322.6 311.7 318.4 44.1 43.7 44.8 
[DBNH][nHexCOO] 348.3 336.2 342.6 44.0 44.0 45.2 
[DBNH][nHeptCOO] 372.6 363.9 370.6 43.6 43.5 43.8 
[DBUH][MeCOO] 271.7 264.5 269.7 45.3 42.7 43.9 
[DBUH][EtCOO] 290.5 287.1 293.6 43.1 42.0 44.1 
[DBUH][nPrCOO] 313.8 306.4 312.8 42.8 42.3 43.6 
[DBUH][nButCOO] 333.4 331.6 334.2 44.0 42.7 44.4 
[DBUH][nPentCOO] 355.9 349.1 355.5 43.7 41.7 43.0 
[DBUH][nHexCOO] 376.6 370.3 375.7 41.9 42.1 43.6 
[DBUH][nHeptCOO] 396.1 393.8 395.6 43.0 42.3 44.3 
[DBNH][FEtCOO] 282.5 270.4 273.5 42.3 40.7 40.4 
[DBNH][FPrCOO] 311.3 305.8 307.4 42.4 41.9 40.8 
[DBUH][FEtCOO] 316.0 305.1 310.7 40.9 38.3 38.7 
[DBUH][FPrCOO] 344.4 337.2 343.2 40.4 39.3 40.1 
[TBDH][EtCOO] 259.1 255.6 254.4 50.2 50.2 50.2 
[TBDH][nPentCOO] 325.5 322.3 320.6 50.7 51.7 50.8 
[TMGH][EtCOO] 261.9 256.0 259.6 59.9 57.5 57.4 
[TMGH][nPentCOO] 324.1 325.6 327.6 58.6 58.1 58.4 
[DMTHPH][EtCOO] 251.3 248.1 249.6 44.8 43.5 44.2 
[DMTHPH][nPrCOO] 273.5 267.8 270.6 44.8 43.1 44.3 
[DMTHPH][nButCOO] 294.2 292.9 293.2 44.7 43.4 44.3 
[DMTHPH][nPentCOO] 316.4 311.3 313.2 44.8 43.1 44.4 
[DMTHPH][nHexCOO] 340.1 339.2 333.6 44.7 43.8 44.4 











Table B.7. (Part 1 of 2) Molecular volume, V, of the optimized geometries of the compounds considered in 






B3LYP M06-2X MP2 
DBN 126.2 126.1 125.1 
DBNH 127.9 126.8 126.9 
DBU 157.1 156.4 157.9 
DBUH 157.7 159.9 161.9 
TBD 136.3 135.9 135.9 
TBDH 137.6 138.1 139.3 
TMG 125.7 124.0 124.4 
TMGH 130.3 129.1 131.3 
DMTHP 121.4 117.7 119.8 
DMTHPH 120.6 121.9 121.9 
Acetic acid 55.8 55.7 56.0 
Acetate 53.3 53.3 54.1 
Propionic acid 72.1 71.7 72.1 
Propanoate 71.0 70.8 71.3 
Butyric acid 89.1 88.6 89.1 
Butanoate 86.4 86.5 87.5 
Pentanoic acid 107.1 105.7 105.6 
Pentanoate 104.4 103.9 104.1 
Hexanoic acid 122.7 122.4 123.5 
Hexanoate 121.0 120.0 121.4 
Heptanoic acid 141.2 139.6 139.3 
Heptanoate 138.0 137.6 138.3 
Octanoic acid 156.7 155.7 157.7 
Octanoate 155.0 154.2 155.0 
Pentafluoropropanoic acid 96.5 96.3 96.2 
Pentafluoropropanoate 94.8 94.5 94.4 
Heptafluorobutyric acid 123.7 122.5 121.9 
Heptafluorobutanoate 121.8 121.2 121.0 
[DBNH][MeCOO] 182.3 179.6 181.6 




Table B.7. (Part 2 of 2) Molecular volume, V, of the optimized geometries of the compounds considered 




V / Å3 
B3LYP M06-2X MP2
 
[DBNH][nPrCOO] 214.3 211.2 214.4 
[DBNH][nButCOO] 230.5 227.3 232.8 
[DBNH][nPentCOO] 247.3 244.0 246.0 
[DBNH][nHexCOO] 267.5 262.0 264.3 
[DBNH][nHeptCOO] 286.6 282.9 285.5 
[DBUH][MeCOO] 211.6 209.1 214.0 
[DBUH][EtCOO] 229.6 230.6 235.2 
[DBUH][nPrCOO] 247.0 246.6 248.6 
[DBUH][nButCOO] 262.6 262.8 264.7 
[DBUH][nPentCOO] 281.6 276.0 279.6 
[DBUH][nHexCOO] 295.1 292.0 297.9 
[DBUH][nHeptCOO] 317.2 315.3 313.2 
[DBNH][FEtCOO] 220.1 219.5 220.6 
[DBNH][FPrCOO] 245.0 247.3 246.0 
[DBUH][FEtCOO] 253.9 248.0 252.4 
[DBUH][FPrCOO] 275.0 277.8 281.9 
[TBDH][EtCOO] 205.0 205.7 205.6 
[TBDH][nPentCOO] 254.1 254.6 258.3 
[TMGH][EtCOO] 195.8 193.4 197.1 
[TMGH][nPentCOO] 244.4 245.5 246.8 
[DMTHPH][EtCOO] 189.4 189.0 190.4 
[DMTHPH][nPrCOO] 208.8 206.1 206.7 
[DMTHPH][nButCOO] 225.9 224.7 225.1 
[DMTHPH][nPentCOO] 238.0 236.8 238.1 
[DMTHPH][nHexCOO] 260.2 259.0 260.0 








Table B.8. Enthalpies of reaction, ∆Hr, at T = 298.15 K, for the R1, R2 and R3 reactions presented in 




R2 / kJ.mol-1 R3 / kJ.mol-1 







[DBNH][MeCOO] 452 474 542 -399 -412 -476 53 62 65 
[DBNH][EtCOO] 449 474 531 -397 -413 -465 52 61 66 
[DBNH][nPrCOO] 447 467 528 -395 -410 -462 52 57 66 
[DBNH][nButCOO] 445 471 526 -395 -410 -460 50 61 66 
[DBNH][nPentCOO] 444 470 525 -394 -406 -459 50 64 66 
[DBNH][nHexCOO] 444 470 526 -394 -408 -460 50 61 66 
[DBNH][nHeptCOO] 443 470 524 -393 -408 -459 49 62 66 
[DBUH][MeCOO] 433 460 530 -390 -407 -473 43 53 57 
[DBUH][EtCOO] 429 459 519 -388 -408 -462 40 51 57 
[DBUH][nPrCOO] 430 452 516 -387 -405 -458 44 47 58 
[DBUH][nButCOO] 426 456 515 -386 -404 -457 40 52 58 
[DBUH][nPentCOO] 429 459 517 -385 -401 -456 44 58 61 
[DBUH][nHexCOO] 426 454 515 -385 -403 -457 41 51 58 
[DBUH][nHeptCOO] 435 449 508 -385 -403 -455 50 47 53 
[DBNH][FEtCOO] 244 258 168 -155 -159 -159 89 98 72 
[DBNH][FButCOO] 246 244 175 -155 -159 -159 91 85 80 
[DBUH][FEtCOO] 235 227 175 -146 -154 -154 90 74 83 
[DBUH][FButCOO] 236 218 182 -146 -154 -154 90 64 90 
[TBDH][EtCOO] 461 451 504 -378 -393 -443 83 58 61 
[TBDH][nPentCOO] 457 446 499 -374 -386 -437 83 60 61 
[TMGH][EtCOO] 546 583 633 -538 -554 -594 9 29 39 
[TMGH][nPentCOO] 544 576 628 -534 -547 -588 9 29 40 
[DMTHPH][EtCOO] 444 469 526 -399 -413 -464 45 56 62 
[DMTHPH][nPrCOO] 442 465 524 -397 -410 -460 45 55 63 
[DMTHPH][nButCOO] 442 470 523 -396 -409 -459 46 60 64 
[DMTHPH][nPentCOO] 441 463 521 -396 -406 -458 45 57 63 
[DMTHPH][nHexCOO] 440 471 523 -395 -408 -459 45 63 64 











In chapter 4 it was shown that a molecule of neutral acid can establish strong H-
bonds with the PIL ion pair. Therefore, the excess neutral acid establishes strong 
interactions with the ion pair. 
 Using equation B.1 and observing the effect of different Keq and total 
concentration of neutral species in the PIL media, the PIL equilibrium was also studied.   
 
B + HA ↔ [BH][A]                             (B.1) 
 Tables B.9 and B.10 and figures a and b present the fractions of base, acid and 
PIL at equilibrium when different conditions (Keq and total concentration) are met.  
 
Table B.9. Fractions of base, acid and PIL at equilibrium at total concentration n = 1 and changing values 
of Keq as a function of the x acid. 
Keq x(B) x(HA) x(PIL) x acid 
20 
0.00 1.00 0.00 1.0 
0.01 0.89 0.10 0.9 
0.02 0.75 0.23 0.8 
0.04 0.59 0.37 0.7 
0.10 0.40 0.51 0.6 
0.21 0.21 0.57 0.5 
0.40 0.10 0.51 0.4 
0.59 0.04 0.37 0.3 
0.75 0.02 0.23 0.2 
0.89 0.01 0.10 0.1 
1.00 0.00 0.00 0.0 
100 
0.00 1.00 0.00 1.0 
0.00 0.89 0.11 0.9 
0.00 0.75 0.24 0.8 
0.01 0.58 0.41 0.7 
0.03 0.35 0.62 0.6 
0.12 0.12 0.77 0.5 
0.35 0.03 0.62 0.4 
0.58 0.01 0.41 0.3 
0.75 0.00 0.24 0.2 
0.89 0.00 0.11 0.1 

















Table B.10. Fractions of base, acid and PIL at equilibrium at same Keq = 20 and changing values of total 
concentration n. as a function of x acid. 
n x(B) x(HA) x(PIL) x acid 
1 
0.00 1.00 0.00 1.0 
0.01 0.89 0.10 0.9 
0.02 0.75 0.23 0.8 
0.04 0.59 0.37 0.7 
0.10 0.40 0.51 0.6 
0.21 0.21 0.57 0.5 
0.40 0.10 0.51 0.4 
0.59 0.04 0.37 0.3 
0.75 0.02 0.23 0.2 
0.89 0.01 0.10 0.1 
1.00 0.00 0.00 0.0 
20 
0.00 1.00 0.00 20 
0.00 0.89 0.11 18 
0.00 0.75 0.25 16 
0.00 0.57 0.42 14 
0.01 0.34 0.65 12 
0.06 0.06 0.87 10 
0.34 0.01 0.65 8 
0.57 0.00 0.42 6 
0.75 0.00 0.25 4 
0.89 0.00 0.11 2 












Figure B.1. Fractions of base, acid and PIL at equilibrium at total concentration n = 1 and changing values 







Figure B.2. Fractions of base, acid and PIL at equilibrium at same Keq = 20 and changing values of total 
concentration n. as a function of x acid. Base fraction – blue circles, PIL fraction – red circles and Acid 













































Phase behavior data 
 
 
Figure C.1. Thermogram obtained for superbase DBN. 
 
 








Figure C.3. Thermogram obtained for the protic ionic liquid [DBNH][MeCOO]. For this protic ionic liquid, a 



























Figure C.8. Thermogram obtained for the protic ionic liquid [DBNH][nHeptCOO]. For this protic ionic liquid, 















































Figure C.15. Thermogram obtained for the protic ionic liquid [TBDH][nPentCOO]. For this protic ionic 














Figure C.17. Thermogram obtained for the protic ionic liquid [TMGH][nPentCOO]. For this protic ionic 
liquid, a Tc = 243.8 K was found. 
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